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ABSTRACT

Nonlinear structural solution methods in the current research
literature are classified according to order of the solution
scheme, and it is shown that the analytical tools for these
methods are uniformly derivable by perturbation technigues.

A new perturbation formulation is developed for treating an
arbitrary nonlinear material, in terms of a finite-difference
generated stress-strain expansion. Nonlinear geometric effects
are included in an explicit manner by appropriate definition
of an applicable strain tensor. A new finite-element pilot
computer program PANES (Program for Analysis of Nonlinear
Equilibrium and Stability) is presented for treatment of prob-
lems involving material and geometric nonlinearitles, as well

as certain forms on nonconservative loading.
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1.0 INTRODUCTION

Purpose and Sc0pe of the Study - The present research was under-

taken to develop improved techniques for solution of structures
with material and geometric nonlinearities, including the limit
point and bifurcation behavior which occurs in buckling and
collapse problems. Because the effectiveness of such solution
techniques has been found to depend strongly on the method used
for generating the nonlinear equations, e.g., creation of the
system Jacobilan matrix, improved eguation generation techniques
were also emphasized. Available nonlinear analysis methods
were evaluated for their current capabilities and their pro-
jected long term potentials, and the methods judged to be most
promising formed a starting point for development of the tech-
niques presented in this report. Corresponding FORTRAN sub-
routines were developed and incorporated into the pilot computer
program PANES (acronym of the Program for Analysis of Nonlinear
Equilibrium and Stability) for checkout and evaluation. The
equation generation and solution technigques are within the

framework of the finite element structural discretization method.
1.1 General Philosophy and Evaluation of Methods

Criteria - Structural solution methods available in the current
literature were initially evaluated for this study based on
four general criteria:

1. A high degree of automation which minimizes the

burden on the user.

2. Cost effectiveness for large size problems.

3. The use of an effective incremental technigue which

allows the user to follow and plot the structural
response path.

4. Achlievement of accuracy by a self-correcting character-
istic, which assures that the true solution is |

approached at each point where results are desired.

1-1
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During the study it was decided that recent advancements in
structural theory made it timely to broaden the applicability
of the developed equation generation and solution techniques by
including a fifth regquirement:
5. An efficient treatment of large-strain prbblems, and
of arbitrary nonlinear elastic or inelastic materials.

Classification of Methods - The current literature contains a

very broad variety of nonlinear solution methods, and even the
specialized requirements for nonlinear structural solutions have
not resulted in consensus on a best method or methods. On the
other hand, certain types of highly nonlinear problems are
presently receiving considerable attention (for example, sta-
bility analyses and large-strain effects with arbitrary non-
linear materials), and such problems tend to eliminate certain
methods from consideration while giving some direction to future

research and develcopment.

Most of the nonlinear structural solution methods can be broadly
grouped into three classes:

1. Methods which use only the initial (constant) stiffness
of the structure, and rely on iteration with the calcu-
lation of residual (unbalanced) forces to achieve the
correct solution. The loading may be applied incre-
mentally or in a singlé step.

2. Methods which form the Jacobian (tangent stiffness)
matrix at a series of load increments, without itera-
tion; also, various combined incremental and iterative
algorithms which update the Jacobian at each step or
periodically.

3. Higher-order methods (perturbation approaches or various
numerical integration schemes) which employ higher-
order derivative relations in addition to the first-

order Jacobian coefficients.

DO BO00 2140 ORIG, 4471
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In many respects, the above ordering of classes is according to
increasing sophistication and greater capability. For example,
the class 3 methods are especially suited for analysis of com-
plicated limit point and postbuckling problems. As might be
expected, the historical development of nonlinear solution methods
has shown some tendency to preogress from original class 1 tech-

nigues to those of c¢lasses 2 and 3.
1.2 Previous Developments and Present Work

Historical Development - Early finite-~element work in nonlinear

structural analysis began with a paper by Turner, Dill, Martin
and Melosh (1960). This work incorporated nonlinear geometric
effects within the so-called "geometric" stiffness matrix, and
various incremental and iterative solution procedures were
recognized by the authors. In the initial attempts at nonlinear
solutions which followed, there was a natural tendency to gen-
eralize existing linear capabilities. This usually led to
iterative approaches and use of the initial constant stiffness
matrix, with calculation of the nonlinearities as additional
load terms. The geometric stiffness matrix, however, formed the
basis for eigenvalue buckling analyses. A more consistent and
theoretical basis for the geometric stiffness matrix was investi-
gated by Gallagher and Padlog (1963), who used a strain-energy
derivation with the same displacement functions for both the
linear and nonlinear stiffness terms. Several formulations for
nonlinear beam and plate analysis soon followed. Mallett and
Marcal (1968) presented a unifying basis for formulating large
displacement problems, by deriving the total strain energy as

a function of nodal displacements and including previously
neglected nonlinear terms. Meanwhile, developments were pro-
ceeding in the area of material nonlinearities, for example the
plasticity work of Argyris (1965) and Marcal (1968}, and non-
linear elastic analysis by Oden and Kubitza (1967).
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A consensus on solution methods did not appear, however, and
different approaches were emphasized by different research groups.
Zienkiewicz and coworkers popularized some of the class 1 solution
methods, and Zienkiewicz et al. (1969) presented a particular
method called the "initial stress" residual-load method. This work
was followed more recently by techniques for improving the inter-
ative convergence of such methods, e.g. Nayak and Zienkiewicz
(1972). However, the paper by Zienkiewicz and Nayak (1971) pre-
sents a quite general formulation for variocus class 2 methods with
application to combined geometric and material large-strain non-
linearities. Considerable work in geometric and material non-
linearity has been done at Brown University, for example Marcal
(1969), and McNamara and Marcal (1971). Researchers there have
tended to favor class 2 methods without iteration, although the
use of one or two iterations in each load step has been suggested
as a way of increasing accuracy. Combined incremental and inter-
ative class 2 techniques (Newton Raphson iteration, for example)
have been employed for analysis‘of highly nonlinear material and
geometric nonlinearities, including some stability problems, by
Oden and Key (1970), Sandidge (1973), and Key (1974). It would
certainly appear that for such problems the class 1 methods at
least are highly unsuitable. A number of nonlinear survey and
development papers have been written at Texas A & M University,
including Haisler et al. (1971), Stricklin et al. (1972},
Stricklin et al. (1973) and Tillerson et al. (1973). These papers
provide a detailed investigation of various class 1 and 2 methods,
as well as certain class 3 methods which rely on numerical inte-
gration schemes. Although perturbation procedures are not tested
by these authors, it is suggested in one of the early papers that
perturbation techniques would be very time consuming for cases
with large degrees of freedom, while a more recent paper notes
that these techniques require further evaluation before they will
be accepted by structural analysts. Many other researchers work-
ing in the areas of limit point and bifurcation stability problens,
however, have concentrated on perturbation methods, reviving the

1-4
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original theoretical develdpmeﬁts in that area by Koiter (1945).
Haftka et al. (1970) use an extension of Koiter's perturbation
theory in a sclution approach called the "modified structure
method." Morin {1970) uses perturbation technigues in developing
higher-order predictor and corrector algorithms for analysis of
geometrically nonlinear shells. Gallagher and Mau (1872) and Mau
and Gallagher (1972) establish procedures for limit point and
postbuckling analysis based on perturbation expansions and the
evaluation of determinants, which employ a combination of class
1, 2 and 3 solution techniques. A number of other perturbation
developments of a more theoretical nature are included in the

references and bibliography section ©of this report.

Much of the present diversity in nonlinear solution methods can

be attributed to a desire to further investigate the potentials

of all methods and to compare the results obtained from them.
However, the comparisons and evaluations which are presented

often disagree in their conclusions as to the effectiveness of a
particular method. It must be surmised that the evaluation of
nonlinear solution methods is necessarily influenced by the pre-
vious experiences and preferences of the researcher, by the degree
of sophistication in his various solution method tools, and by

the type of problems toward which his interests are directed.

Direction of Present Work - Because the present work was directed

toward obtaining technigues whose applicability included the

more highly nonlinear structures, a decision was made to elimi-
nate from consideration the constant-stiffness methods of class 1.
Although schemes have been proposed for extending these methods

to more severe nonlinearities, it must be said that the arguments
given are not convincing. In fact, when the structural system has
advanced into a highly nonlinear state, the initial constant
portion of the stiffness does not really possess any more signi-
ficance than that provided by an arbitrary positive definite

matrix; it can not be expected that a technique based on this

1-5
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matrix will be of any significant value in advancing the solution
beyond the current state. It was also decided in the present
work to reject those methods of a non self-correcting nature,
i.e., methods which do not involve an iterative calculation of
the unbalanced or "residual" forces, which gives an indication

of accuracy and allows the solution to be improved. Although
such methods are sometimes sffective, they can lead to serious
errors in the computed results, especially for path dependent
problems. A third group of methods eliminated from consideration
were those which use the solution data generated at several
previous solution points. Such methods essentially extrapolate
the previous data, either by some numerical integration formula
cr by a curve fitting approach. These methods reguire storage

of previous data and are usually not self-starting. However the
main objection to their use would seem to be that the same type
of capability is provided by perturbation methods, which more
accurately evaluate the path direction and are more generally
applicable to a wide range of highly nonlinear problem types
(e.g., those involviﬁg path discontinuities such as bifurcation
points) .

With these considerations, the methods which remain for develop-
ment include methods of "incremental loading", Newton Raphson
iteration and its modifications involving only pericdic updating
of the Jacobian, and higher-order methods including various orders
of predictor and corrector algorithms. In order to make the
current methods applicable to cases of large strain and arbi-
trary nonlinear materials, the equation generation process is

. accomplished in the present work by .a finite difference expansion
procedure. It is found that generation of the nonlinear equa-
tions by this means within a perturbation context provides a
unifying basis for definition of the nonlinear solution terms,
including as special cases the first-order Newton Raphson
and incremental loading methods, as well as almost an unlimited

variety of higher-order solution techniques. The perturbation

1-6
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procedures have the advantdge of a sound theoretical basis in
classical developments, and lend themselves readily to both limit
point and peostbuckling problems as well as to simple nonlinear

behavior without critical points.
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2.0 DETERMINATION OF THE EQUILIBRIUM PATH: A GENERALIZATION OF
STATIC PERTURBATION TECHNIQUES

In this Section the theory and techniques are developed for
following the nonlinear equilibrium path of a structure under
prescribed loading. It is assumed that the eguilibrium path is
continuoug and unique, although limit point behavior is allowed
(the non-unigueness due to bifurcation of the equilibrium path is
considered in Section 3. The development follows the "static
perturbation method" which was recognized and established in
concrete form by Sewell (1965). The present work generalizes
previous structural solution techniques based on the method to
allow effective treatment of arbitrary nonlinear materials. The
resulting formulation is shown to provide a quite general and
unifying basis for solution of nonlinear structures, including
geometric and material nonlinearities as well as certain forms of
nonconservative loading. A summary of the formulation is con-
tained in the paper by Vos (1974).

2.1 Description of Nonlinearities

An important characteristic of the present method is a prelim-
inary separation of the nonlinear material and geometric effects,
which minimizes the required number of perturbation expansion

terms, and also increases numerical accuracy.

Material Effects - The nonlinear material effects are described

by expanding the stress about a known equilibrium configuration:

o, = g¥* DO* . * . + ... -
i o¥ + Ol]AEJ + DlleAejAek {2-1)
which provides the stress, o, in terms of the incremental strain,
Ae. Here and throughout this work, an asterisk (*) denotes

quantities evaluated at a known egquilibrium state, and A denotes

an incremental quantity. In (2-1) o* is the initial stress, while

2-1
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DO* and D1* are 2nd and 3rd order incremental stress-strain ten-
gsors, respectively. This type of expansion can be developed
numerically for a general nonlinear elastic or inelastic material,
by an efficient finite difference or Taylor series evaluation.ft
Complete symmetry of the D tensors can be used to advantage if they
are derivable from a strain-enery function, or in certain other
cases such as that of associative plasticity. These considerations
are discussed by Zienkiewicz and Nayak (1971) in a development
which employs only the 2nd order (DO) tensor. In any case, the
tensors can be made symmetric in the j, k and any higher order

indices.

Geometric Effects - The nonlinear geometric effects are included

through a definition of finite element displacement functions and

an appropriate strain tensocor, giving
8. = G,.q. : (2-2a)

e. = AO..8. + + Al (2-2b)

i ij37°3 2 ijkejek
Here g are the element generalized (nodal) displacements of an
element, G is obtained by differentiating the assumed displacement
functions, 8 are the displacement derivatives at any point, while
A0 and Al are constant coefficients which define the strain tensor
with Alijk = Alikj'
will be seen to simplify later manipulations.

The explicit form (2-2b} of the strain tensor

T The best -approach developed thus far is a forward difference
scheme, which requires a minimum number of function evaluations
and allows an arbitrary difference size for each independent
variable. Explicit coefficients have been derived for such expan-
sions of either linear, quadratic or cubic form, and in terms of
an arbitrary number of variables. Details are provided in Appen-
dix A. It may be noted that for certain problems involving
incompressible materials, the hydrostatic stress must be includad

as an indepdent parameter in addition to the strains.

2-2
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Advantages of Present Approach - The present approach defines

all nonlinearities through the form of (2-1) and (2-2), rather
than through a direct expansion of the nodal displacements such
as that used in the investigation of Oden and Key (1970). The
present approach appears to offer substantial advantages,
because it allows implementation of perturbation theories into
limit point and bifurcation analysis, without involving a huge
number of terms and formidable algebraic operations. As a
practical matter, it should also be noted that a numerical
expansion based on displacements often causes severe problems
with accuracy of the expansion ceoefficients, due to large differ-
ences 1n magnitude between individual displacement limits {e.qg.,
between the membrane and bending freedoms of a plate or shell),
and the selection of accurate finite difference sizes then
becomes difficult. Accuracy is more easily obtained in an
expansion of the type (2-1), because the strain limits tend to

be of the same order of magnitude.
2.2 Formulation of Equilibrium Equations

Virtual Work Statement - The principle of virtual work, which is

valid for arbitrary nonlinear materials and nonconservative sys-
tems, is employed to obtain equilibrium eguations for the system
of finite elements. The formulation is developed here for a
conservative system, and nonconservative effects are treated in
Appendix B. The equivalence of external and internal virtual
work, relates the generalized nodal forces p and displacements

q of a particular finite element, in the element equilibrium

equation
qupi = fvésaca av ' . . (2=3)
which holds along any equilibrium path in the neighborhood of

the reference equilibrium (*) configuration, Here 8¢ and &g

are kinematically consistent variations, and from equation (2-2)

2-3
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69, = G,.6q. ot (2~-4a)

i
HI

6€i = (Aoij + Alijkek)dej Aijéej Bijéqj (2-4b)

The integral in egquation (2-3) is taken over the volume of the
element, and it is to be noted that a proper definition of stress
and strain is required to give the correct evaluation of internal
work. One approach for accomplishing this is a formulation of
Lagrangian strain and second Piola-Kirchoff stress integrated

over the undeformed volume, e.g. see Oden and Key (1970).

Basic Equilibrium Equation - Substituting for de, and noting that

(2-3) must .be satisfied for arbitrary variations &g, provides the
basic equilibrium equation for the element, as
Gmi
p; = S B_ .o, dv = S (a0, -+ Al 6_)o_ 4av (2-5a)

al a m amn n’ - a
v v _

In order to merge the element equations into the system equations,
the usual type of finite element transformation is applied. The
system forces and displacements will be denoted by the capitals

P and Q, respectively, and the system basic equilibrium equation

corresponding to (2-5a) is written as

'

P, = J B i%; av = J (Aoam + Alamnen)ca av (2-5b)
where now it must be understood that the integral is summed over
all elements while applying the proper element-system nodal
transformations. With this understanding, the element and system

~ quantities will here be used interchangeably.

Derivative Relations - Equations (2-5) may now be differentiated

as many times as desired with respect to some suitable path
parameter. Toward that end, it is useful to record here the
following typical derivative relations, where an overdot (")

denotes differentiation with respect to the path parameter.

2-4
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. _ [ ] * L ]
G, = DOX €, + 2D1% & Ae_ + ... )
-n - * e * (1] * L] L ]
Oa DoabEb + 2Dlabc€bAsc + 2D1abc€bec + ... L
: (2-6a)
E =B .qd.
a ai>i
€a T Baidy T Baid; T Bgiay ¢ Alamnemen J
and at the reference configuration (Ae = 0), we have
S% = k ok
oa Doabeb
(2-6Db)
Hx = * S *  pkek
a DOabsb + ZDlabcebec

First Order Equilibrium Egquation - Differentiating equation

(2-5b) once, and evaluating at the reference equilibrium (*) con-

figuration, gives

D% = Sk gk * 5 -
P¥ fv(Baic ot BaiU;) av (2-7a)

Substituting from relations (2-6b) gives

Dk — = * * ok -
p¥ IV(Gmichlamnanqj + BaiDO;bBquj) av (2=-7b)

This is the first order equilibrium equation, which may be

written in the form

Dk — * A% -

Pi Koiij {(2=-7c)
where

K '.*_ = R * A *_ * *_

01] fv(GmlcaAlamnan + BalDOabBbj) dv
and )

= LAY = . j *
Bal GmlAam Gml(AOam + Alamnen)

2-5
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The "tangent stiffness" relation (2-7c¢) is eguivalent to the
incremental matrix formulation of Zienkiewicz and Nayak (1971),
although the tensor form given here shows perhaps more clearly
the symmetry and differentiability properties. of the tangent
(Jacobian) matrix KO*. The first contribution to K0* is due to
the initial stresses during changing geometry, and is always
symmetric in form. The second contribution is due to the incre-
mental stress-strain relation, and its symmetry depends on

symmetry of the matrix DO¥*.

Second Order Equilibrium Equation - A second differentiation of

(2-5b) and evaluation at the reference configuration, gives

D — Tk g% A& Gk Dk o -
p¥ fv (Baioa + 2Bai0a + Baioa)dv {2-8a)

Substituting from relations (2-6b) gives

oo* - ) * e l* * .*
p¥ IV{GmlGaAlamnanqg + 2G (Al 0% DOX ex

+ .
* * Bk D% * *Q* * Txln _
+ Bai(noabsquj + DOX Al _O*0% + 2D1 ebec)} dv  (2-8b)

This is the second order eguilibrium equation, which may be

written in the form

* = * Ok * -
P KOiij + Pli (2-8¢)
where Pl is a psuedo force term given by

x = * * A1 '*.
Pli vami{DOab(AamAlbrsere

* * ck%
+ ZDlabcAamEbEc} dv
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2.3 Solution of Equilibrium Equations

Incremental Load and Path Parameters - An increment of conserva-

tive loading is defined by
= o - ] -
AP, APi, P, APi, etc. (2-9)

using a variable load parameter A and constant nodal load
distribution P°,

Taylor series expansions are then used to approximate both the
incremental load parameter A and displacements AQ:

IR N N (2-10)
- ;- g 2 _
AQi = Q;S t 5 QiS + ... (2-10b}

In order to handle limit point situations within the present
formulation, the path parameter S is here taken as defined by
2

5% = i KoijAQiAQ'

jio'i=+l (2=-11)

with the requirement that KO*, evaluated at the beginning of
each load increment, be nonsingular (either positive or negative
definite). Without any loss of generality, additional require-

ments imposed at every path point, S, are that

N«
H
2]

|
|

Successive differentiation of (2-11) provides the relations

258 = i Ko;j(QiAQj + AQin)
e " . e . (2-12a)
= 3 * '
28 i Koij(QiAQj + 2Q.0. + AQ.Q.)

DD ANAN 9van NRIa a7
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f2-12a)

and evaluation at the reference state (8 = AQi = 0), yields

¢2 _ s l*o*
5" =1 =1 Koszle
— 3% O Ak % -
0 i KO:’;‘_j (Qng_-f- QE j) (2-12b)

It may be noted that relations (2-12) hold for the general case

of an unsymmetric KO* matrix.

Determination of Rate Quantities - In order to implement various

solution techniques, the equilibrium equations (2-7c) and (2-8c)
must be used to determine .the load and displacement rates.
Multiplying (2-7¢) by O*, and making use of (2-9) and (2-12b),

gives

i = A*é;p; (2-13a)
Solving (2-7¢) for Q% gives
KOEEIA*PS = Qf = f#gg (2-13b)
and substituting A*Q° for d* in (2-13a) gives
i*2 = i/(gope) | (2-13c)
1 1 .

where now i is chosen to make A*? positive. Multiplying (2-8c)
by Q*, and again making use of (2-9) and (2-12b), gives

l*It* o - 'T] u'* *.. - * *l* .* % _
QIA*Py = KOfj0fQf + QfPLY = -KOI, Q¥0% + QIpPLY (2-14a)
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Solving (2-8c) for Q* gives

s -] oo
* = KO¥.7 (A*PS - P1%
Q¥ e ( ¥ ])

IH

K*Q; - Q1 (2-14b)

Substituting (2-14b) into (2-14a) with the use of (2-~13c) then

provides the result

L

L2
* — * *M e oM T % -
A iA (PliQi + Pini)/Z (2-14¢)
after which Q* is obtained directly from (2-14b).
It is to be noted that a solution for the rates A*, K*, é* and 6*
{and higher order rates if desired by similar calculations)
reguires only a single formation and decomposition of the matrix

KO*,

Solution Procedures - Once the load and displacement rates have

been determined to a desired order, many different solution pro-
cedures can be applied in traéing the nonlinear equilibrium

path of the structure. The first order rates allow solution

by methods of incremental loading {(with or without evaluation

of residual forces and corrective iterations), and Newton

Raphson iteration where the Jacobian is re-evaluated at each
iteration. Various combinations of incrementation and interation,
with periodic updating of the Jacobian are of course possible,
The second order rates allow the use of a second order predictor.
The additional cost of the 2nd order predictor is associated with
the Pl psuedo-force term, whose evaluation is performed at the
elemental level with a cost roughly proportional to that of a
single "residual force" evaluation. The cost of evaluating P1

by the form of (2-8c) is only linearly proportional to the

number of integration points within an element, so that this
technique is effective even for elements having complex geometry
and large degrees of freedom.

DO 400 2140 O®In afr
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Such a predictor has been found to be very useful during the
present study, and although the PANES computer program allows
use of various predictor-corrector options, the second order
predictor almost always appears to be more efficient for cases
of substantial nonlinearity. Since the second order rates

are valid at any reference equilibrium configuration, they may
be applied in a corrector technique, at a state where the sys-
tem is in "equilibrium" under the applied loads plus a set of
unbalanced residual loads. Thus convergence could be con-
siderably accelerated if the second order relations were com-
puted and used at each iteration, although the cost per iteration
would also increase considerably. Higher order predictor-
corrector relations are obviously possible as well, and the
best type of solution capability would probabiy be a program
in which more or less arbitrary options are allowed for the
order of predictor and corrector, the frequency with which the
Jacobian is updated, and the number of iterations to be per-
formed per update. Although these considerations will not be
discussed in any more detail here, the PANES program is at
least a step in that direction, and makes available various

options using the first and second order rate relations.

Limit Point and Step Size Considerations - A major advantage of

a 2nd order predictor is that, with little increase in computa-
tional effort, it provides greatly increased prediction
accuracy and allows larger load steps to he taken. 1In addition,
it enables the traversing cf limit points and provides various

techniques for automatic selection of the load step size.

In the vicinity of a limit point, the load rate relation

A = A% + R*s (2-15a)
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is used. Also from {2-10a) the path value for given A is

s = { -i* + (A*2 + 20K 1/2} K 5 o (2-15b)

At a limit point A= 0, so that from (2-15a) the critical path
value is '

s = —A*/A% (2-15¢)

Using these relations the limit point can be traversed when A

is within some specified fraction of its critical value.

With regard to automatic selection of a general load step size,

the following predictor relationships are noted.

1 .2
S+§~AS

e

AN = (2-16a)

20; = &5 + = 8.7

i i (2-16b)

Here the quadratic terms give an indication of the accuracy of
the linear predictor, but because of the truncation of higher
order terms there is no indication of accuracy for the quadratic
predictor. The rationale used in the PANES program implementa-
tion is therefore to select a load step size which limits the
quadratic contributions to some specified factor times the linear
contributions. Specifically, change in slope of the load
parameter during a load step is approximated by

Ad = Is (2-17a)

and the ratio of slope change to average slope is

- . _ .. . lu
BA/D  verage = MS/(A + SA 8) (2-17Db)
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This slope ratio is specified as a given allowable magnitude, in
order to prevent over-prediction in (2-16a) of the behavior beyond
accurate values.' A similar step size restriction is employed

based on (2-16b) for displacement rates.
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3.0 DETERMINATION OF BIFURCATION AND THE POSTBUCKLING PATH

This section considers the identification of bifurcation points
in the load-displacement path of a structure, and the prediction
of the postbuckling path beyond these points. The formulation
follows the appraoch of Section 2 for representing geometric
nonlinearities and an arbitrary nonlinear material. The effects
of nonconservative load on bifurcation and postbuckling are

treated in Appendix B.
3.1 Description of the Postbuckling Path

We consider behavior of the type shown in Figure 3-1, which is

a plot of the incremental load parameter A for a structure
versus its incremental displacements AQ, shown here conceptually
for a single degree of freedom system. The point O represents
‘a reference equilibrium configuration (Q = Q*, A = AQ = 0).
Travel along the "fundamental" and "postbuckling”" paths is
measured by suitable path parameters S and R, respectively.

Thus S has a value of zero at point O, while R takes on a zero

value at the critical bifurcation point C.

!
]
f p
| po ! l qb
| &y,
' -
<
} %
s ; —— FUNDAMENTAL GA,
,  PATH %%
1
I
1
o
0 AqC Aa

Figure 3-1: Fundamental and Postbuckling Paths
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We follow the terminology of Mau and Gallagher (1972) and use

a "sliding coordinate" system to describe the various funda-
mental and postbuckling guantities. For a given value of A,

a point on the fundamental path has associated guantities whose

values are denoted by ( )f, while additional values at the

( )P

Thus total values on the postbuckling path are denoted by ({ )f +

()P

corresponding point on the postbuckling path are denoted by

-

, and we write for the postbuckling path

£ ~

+ oP (3-1)

Il
g
L@

AQ

Ae = Asf + sp

etc. ' y _
where the A guantities are increments from the fundamental

reference configuration.

We will refer to the ( ]f and )p values as the "fundamental"
and "postbuckling" values, respectively, and to their sums as
the "total" wvalues.

3.2 Formulation of Postbuckling Equilibrium Equations

BasicAEquilibrium Eguation -~ Because the postbuckling path is

an equilibrium path, and equation (2-5b) is valid for a point
on any equilibrium path, we may write the postbuckling equil-

ibrium equation as

P. = P, + PE =/ B .o av = f (af

P £ P £
ai a ai + Bai) (Ga + 0a) av (3-2)
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Recognizing that Pi = PE for a given value of A with conserva-
tive leoading, and subtracting out terms in equation (3-2) which
are zero because they collectively satisfy the fundamental
equilibrium equation, provides the desired form of the post-
buckling eguilibrium equation as

P . = -
P = 0= / {Bf.op + Bp.(c:f + op)} av (3-3)
ai'“a a

V "ai a

Derivative Relations - We now record the following typical

derivative relations, where a prime ( )' denotes differentiation

with respect to the postbuckling path parameter R.

P _f= x P * p,.f PP
9 o o, DOabeb + D1 abc‘zabaec + Ebsc)

1P ~nx 1 P *
ol DO*_ ¢ + DlabC(ZE

Prfio P E,, PP
bEh Aec+2€ Ec +2efe ')

b b b c

P * ~v1P * b, L P £ P L
ol Doabeb + Dlabc(2sb Aec + 4eb EC + 2sbec

t PP P_ P
+ 25b eLn + ZEbec )

'I'p..._ lllp !!Ip f llp f pllf
al = DO* er + D1*_ (2¢ Ae_ + 6e)'Fe!t + 6efPeltt

abc b b
+ 2efer T 4 6ep PeiP 4 2ePer 0P (3-4a)
e f = ey - eff =B a) - 8]
= ey v agap - et - sfap
=P = mlja} ¢ 235000 + B alt - B fart - omyfayf
- Byt )
and at the critical point (ca = Ui, Bai = Bii, Ug'= Bgi = 0},

DO Bonn 2140 mEiR. ar1a
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{3-4Db)
L

we have
~
P % 1P * 1 Pa E o i o
Ga DOabeb + 2Dlabc€b A;c DOabeb
P %« P * vep, E Pt B P
ol DOabeb + Dabc(zsb AEC + 4sb el + 2€b el )
_ o P P £ PP
= DOabeb + Dlabc(4eb €L + 2gb gc }
g'''P = po*x g1 P 4 D1 (26"'pAEf + 65"pe'f
a ab b abc b c b C
|pllf llp l'p
+ 6€b €4 -+ 6€b €5 )
—_— lllp 11p lf lp l!f
DOabeb + D1 b (6c £ + 6elfe
PP
+ GEb el )
P _ pf _uP _ i 1P P, £
&3 Baiqi Baiqi + Alamnam AEn
Ilp: f Ilp 1 | B lf Tf= f !"p
€a T Bai9i ot Bgidy — Byid Bai%i
P £ 1 Pa P
+A1amn(2emen + 0 Bn)
Ifip: f lllp LI | 1 |l__ llf tf_ Ifllf
€a Boi9y''T Y Biia * 2B it - Bijait - 2BLiq)
. f v P v1Pan £ 1 Paiat
= B_;q} + a1 (30/'Fer" + 38 %0
+ 3g!'Pg' P ‘
m n J

First Order Equilibrium Equation - Differentiating the bha

sic

postbuckling equilibrium eguation (3-3}, and evaluating at the

critical bifurcation point, gives

P - f P P
Pi 0 IV(Baan + Baioa) dav

{3-5a)
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Substituting for o¢'P and B'P gives

= - x 1P * Pyt B
0 = fv { i (DOZpEy + 2D1%, eg™Ael) + G ;AL 6! 9%} dv  (3-5b)

Substituting for Bf i and using the relations Wthh express

Q'p and ¢'P in terms of q'P, gives

@\ + a1 o'Pugf

bj*j bns ' n )

— f . * *
0 = IV[(B;i + GmiAlamnAen){Doab(

* : Poow
+ 2D1% e} Ae £y 4 G, ;A1 {anqj o,

+ 0'Ppox aef & p1e At
n b

f
rpley be AEC)}] av (3-5¢)

This is the first order postbuckling equilibrium equation,
which may be written in the form
1

0 = Ko*, Q'® + Pl
b i

3-5d
i { )

where again

* = * * *
KOij fv(GmloaAlamnan + alDoabB j) av

and

1 _ ‘ *
Pli = fVGmi{DOab

(A* Al e'Paef + a1 _etPagt
am “"hns n mn b

£

£f..p * x 1P, I e £
+ AL Ae 0'F) + D1, (2A% c!PAe” + 2a1, el Fhe Aen

t, £f..,p
+ AlamnAebAecen ) tav
Equation (3-5d) is an eigenequation form, in terms of the
unknown_critical values A8 and Ae, which is suitable for

solution by power iteration.

DO AaNNN 21480 IBIs AFTe
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Alternatively, the eigenequation may be written in the form

0 = 1P KOX. + AKO, . ' P 3-5
K0, 595 (X014 1593 (3-35e)

where K0 is the Jacobian at the critical point, and is given by

KOij =/ (Gml aAlamnan * BaiDOabBbj) dv
with the o, DO and B guantities evaluated at the critical point.
(3-5e) may be solved directly for the eigenvector Q'p, provided
that the critical values of o, DO and B have been previously
determined (as in the method proposed by Mau and Gallagher
(1972). This equation may also be solved by expressing AK0O as
a Taylor series expansion in the fundamental path parametef,
giving a form suitable for solution by one of the many "direct"
eigensolution methods.

Second Order Eguilibrium Egquation - A second differentiation of

the postbuckling eguilibrium equation (3-3) and evaluation at

the critical point, gives

PP = 0=y 128 502P + B (o "'P 4+ BP0+ 2P0 +0!P) av
1 al a al a al a dl a a
(3-6a)

Substituting for g''P ang B''P givés

_ £ P c1 1P N
0 = IV[2Gmi%lamnen Doabgb + Bai Do b b t Dl (4€b Ec
+ 2e'Pe'Pyy v ¢ a1 8''Py o+ 2¢c .a1 _9'P
b "¢ mi  Tamn n a mil Tamn n
DO . (e'f + Py av (3-6b)
b '"b b :
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Using the relations which express 0''P and ¢''P in terms of

q"p gives

£ P P
— I 1 1t
0= IV [2GmiAlamr8r DOabE bt BaiDoabBquj * GmiAam

p f + zelpelp)}

[}
{DO (4¢ € boEL

I'p [ ] lp lp 1
ab(zAlbnsen 9sf + Albnsen es ) + Dlabc b

£

+G .0 Al G_.q''P 4+ 26_.Al 8'P (Do (e) " + Eép)}]dv (3-6c)

mi a “amn nj " j amn 'n ab

This is the second order postbuckling equilibrium equation,

which may be written in the form

- P 1 2 _
0 = le] + 25! P2 + P2i (3-6d)

where K0 is again the Jacobian evaluated at the critical point,

and

Pzi - IVGmi{DOab(AamAlbnseﬂpef * Alamr gpag + Alamrébfeép)
+ 201, A& erPely gy

Pzi - IVGmi{ (Aamp*lbnse'Pe'p * 2Alamr b e;p)
+ 201, A e PP} av

The term 8' in equation (3-6d) is the derivative of the funda-
mental path parameter with respect to the postbuckling path

parameter, and occurs because of the substitutions

orf = 4fg
n n
et = 2fg
a

(3-6d) may be solved for the postbuckling displacement second

derivatives Q"p, and for the path derivative §'.

3-7
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Third Order Equilibrium Equation - A third differentiation of

equation (3-3) and evaluation at the critical point, gives

» fp £ .p £ = £ P
[ I I ] = = re re [} 1 (I } L
Pi P 0 IV{Bai Oa * 3Bai O 3Baica . + Baan

|flp f P 'lvp If P lp ||f 1 P
+ Bai (oa+0a) + 3Bai (oa +Ua )+ 3Bai(0a +o} )

+ Bp.(o"'f+c"‘p)} av (3-7a)
al a d

Substituting for g'"'P ang greeP gives

0= Ty 136,; Al n eﬁ'f DO,y el + 3¢, Alamnleéf{DOab ey P
+ DL, (4ePelP 4 21 Pe Py
+B,; DO_ef''F 4+ D1, (Geé‘peéf7+ Geépaé'f + 6e)'Pe Py}
* GmiAlam;eﬂ"PUa
+ 3GmiAlémneﬂ'p Doab(Eﬁf + EEP) + 3GmiAlamneﬁp{DOab(Eﬁ'f + ag'p)
+ Dlabc(2egfeéf + 4egpeéf + ZEﬁpEép)}] dV- , {3-7b)

Using the relations which express 6" 'P and ¢'''P in terms of

qlllp giVeS

L .
1 L |
mnen {Doabab + Dlabc

£ P :
) I ] 1]
0 IV 3GmiA'laman Doabeb + 3GmiAla

+

- vt P
B, .gq! + G_,A
]qj

P P ' v P
2Eb “c 3o+ BaiP%ap b mi am{DOab(BAl sen bs

bn

'p llf llp Ip Tlp lf fp tlf
+ 3Al 3] es + 38m en )+ Dla (65b el + 6sb €4

bns ™ n bc

+ Py

Il'p If
nen DO(ab + €h

PP EREE
+ 6€b £l yl o+ GmioaAlamnanqj +3GmiAla

3-8
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i

+ l!p)

b + D1

ETT

+ 3GmiAlam b

8'Pipo £
nn

ab(

1P P
+ 2Eb el )rlav

(3-7c)

This is the third order postbuckling equilibrium equation, which

may be written in the form

1

Qlllp + 35"P2i

+ 3P3,
lj b i

where

+

of
Ir

e,pgf + Al P

Doab{s bne n s

I
(A Al amr b

A Al 6fgriP 4 a1

lp ]
er Y+ 8t am “bns n's

amr

+ Al

Ip llp
amrE Br + Al

o amr b
af f

P
b c@ + 2Al

m

amr

« £ lpe

erPe PEE L ong
amr b cC

amr b ¢ r

P P

Elp lpe!p)}]dv

o+
Alamr b "¢

g™
C

ET

(A b

am

The term S'' occurs in

(3-7d)

GO AONND 2140 ORIG. 447y
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after making the substitutions
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Equation (3-7d) may be solved for the postbuckling displacement

second derivatives.Q"'p, and for the path second derivative S''.
3.3 Solution of Postbuckling Equilibrium Equations

The postbuckling equilibrium equations (3-5d, 6d 'and 7d) may be
solved sequentially to yield the displacement and load deriva-
tives necessary for construction of the postbuckling path. These
equations have been formulated here for the general case of an
unsymmetric KO0 Jacobian matrix, and the effects of nonconservative
loading are discussed in Appendix B. The solution of the second
and higher order equations for the unsymmetric case present some
practical difficulties, however. Therefore, in contrast to the
general solution outlined in Section 2 for the fundamental equa-
tions, the solution given here for the postbuckling equations

will be presented for the case of a symmetric K0 matrix.

First Order (Bifurcation) Solution -~ The first order egquation

(3-5d}) may be solved for the eigenvector Q'p of postbuckling dis-
placements, and for the critical value of the fundamental path
parameter S. The initial step is to relaﬁe the unknown critical
displacement increments AQ to the eigenvalue $, using the previously

computed fundamental displacement derivatives:
— * * .
Q; = Qfs * 303S | (3-8)

In addition to the nonlinearity inherent in this relation, the

eigenequaticon is nconlinear for other reasons:

1. Although increments in the displacement derivatives Aef
and displacementsAQf are linearly proportional, the strain
increments vary nonlinearly, i.e.

f " £ 1 £f,.£

Aea = A am&em 3 a1 ABmABn.
amn

2. There are A2 terms (AafAef, Aef&ef) in the eigenequation

3-10
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due to consideration of the nonlinear material effects
(effects of the D1* matrix).

Because of these nonlinearities an eigensolution by direct itera-
tion may not converge. Particular difficulty may be expected
during the first few iterations, when the estimated eigenvector
contains significaht proportions of higher modes for which the
Aef at some locations in the structure could be much larger than
the corresponding 8*. Also for such higher modes, the contribution
to AQ by 52 may be large and the Az terms may be large relative
to A terms. It is therefore necessary to solve first the linear
eigen problem, obtained by dropping all nonlinear terms. When
convergence has been achieved to within a specified accuracy,
iteration is continued with inclusion of all terms until conver-

gence to the desired nonlinear eigensolution.

Higher Order Solutions - With the critical point now defined by

the critical value of S, the higher order postbuckling eguations
may be solved by formation and decomposition of the critical point
Jacobian K0. To accomplish the solution, a definition of the
postbuckling path parameter R is required. We here follow the
general approach of Mau and Gallagher (1972) and take R to be one
of the postbuckling displacements, say Qg. In the PANES program,
m is taken as the index of the largest component of the eigen-
vector Q'p. We then impose the requirements at every path point,
R, that

R' =1

R''" =R"'"'' = ... =0 (3-9)

Although the matrix KO is singular, this constraint of the mth
degree of freedom allows the matrix to be decomposed. A somewhat
different approach than this is suggested by Haftka et al. (1970),
involving the introduction of an additional constraint equation

to mgke the KO matrix effectively nonsingular. That approach

3-11
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-

however increases the size of the matrix, and no real advantage

is seen. The present approach retains the sparsity of KO.

At this point the eigenvector o'? is again determined, using the
constrained K0 matrix. This is done to achieve consistency in

the calculation of Q'P and the higher order derivatives determined

later, as well as for greater accuracy. In terms of the symbolic
inverse K0 1:
_ P : P -
g = KOiij , with Qm 1 (3-10a)
9'P = xoTl(0) ' (3-10b)
i 1j

The second order eguation is
0 = K0..0"'P + 25'p2t 4 P22 , with @''P = 0 (3-1la)
17 7 J 1 m

Premultiplying b Q'p, and using the symmetry of K0 with K0..Q\P
plylng Dy i3%5

= {, results in

2

_ 1P P A1 Pool P . VA1 Ppool 1Py 2 _
0 = Qi Koiij + 28 Qi Pzi + Qi P2i -_28 Qi Pzi + Qi PZi (3-11h)

which then gives

C

' — _n'P 2, 5A41Ppol -
S Qi P2i/2Qi P2i , {3-11c)

and Qilp = KOE%(—2S'P2% - P2§) = —28'Q2§ - Q2i (3-114)

The third order equation is

— v P ' 1 . i P
0 KOiij + 3(S P2i + P3i)f with Qm =0 ({3-12a)

Premultiplying by Q'p as before, results in

1

=l|r|p P ' _
0 s Qi P2i + Qi P3.l (3-12b)
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which then gives
gt o= —QipP3i/QipP21 (3-12c¢)

and Q}"'P = KOE%(—3S"P2% - 3p3)

il

i l
-3(8''Q27 + 303,) (3-124)

With the critical point derivatives of S and Qp known, the post-
buckling path can be constructed. The variation of load para-

meter A with postbuckling path R, is defined by

A'" =AS'' +Lg! (3-13)

Ny RDOD 2140 O RIG aZTa
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4.0 FINITE ELEMENT PROGRAM AND NONLINEAR SOLUTION ROUTINES
4.1 General Program Characteristics

The major goal of this research effort was the development of
improved nonlinear solution techniques and subroutines. It was
decided that the most effective way of accomplishing this goal
was to develop a practical nonlinear finite element program, into
which the various subroutines could be incorporated for checkout
and verification. This has been accomplished, and the resulting
finite element program has been given the acronym PANES (Program
for Analysis of Nonlinear Equilibrium and Stability). Although
PANES is a pilot program and is by no means a general structural
analyzer (it utilizes only the constant strain triangle element,
for 2-~D in-plane or 3-D membrane analysis) it demonstrates all

of the basic techniques and operations necessary for nonlinear
analysis by more general types of finite elements. The program
handles geometric nonlinearities and arbitrary nonlinear elastic
materials (including very large strain cases), as well as certain
forms of nonconservative loadings, i.e. those due to follower-force
pressure loadings where the surfaces change in size and orienta-
tion. Extension of the program to cases of inelastic materials
is considered to be relatively straightforward, with the intro-

duction of appropriate stress-strain constitutive relations.

The present pilot version of PANES has three basic capabilities:
1. Analysis of nonlinear structures without critical points,
i.e. tracing of simple nonlinear equilibrium paths under
a specified general (non-proportional) loading. Various
solution teﬁhniques are available, with automatic

calculation of load step sizes.

2. Traversing of limit (maximum and minimum) type critical
peints, with automatic continuation of the load-path

history.
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3. Determination of bifurcation type critical points, and
prediction of the postbuckling behavior and direction of
travel, by means of path derivatives computed at the
bifurcation point. Automatic switching from the funda-
mental path to a postbuckling path, and continuation along
the postbuckling path, have not yet been included. Thus
the postbuckling capability should be regarded as still

in a developmental stage.
4.2 PANES Nonlinear Analysis Routines

This section describes briefly the purpose and capabilities of
the program subroutines, in the order in which they appear in the
PANES program. Some of these are basic finite element routines,
while others are specialized routines needed for generating and

solving nonlinear structural equations.

BIGS - Initializes program variables (serves as the calling sub-
routine for most of the input data reading routines). Also pro-
vides problem restart capability by reading or writing the re-

start tape.

READRS - Reads data file numbers and start or restart codes.
READQ - Reads problem identification title. Also reads incre-
mental and iterative constants, such as those relating to the
predictor and corrector types, the finite difference expansions
for nonlinear materials, and the techniques for continuation of

the egquilibrium path through limit points.

READ1L - Reads basic structural codes and values, and material

constants for each material.

READC - Reads user-defined special nodal coordinate systems.

DO 6000 2140 ORIG, 4r 71
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READM - Reads mesh data, including nodal locations and coordinate

system codes, and element data.

READK - Reads codes to determine degrees of freedom with specified

forces, displacements or constraints.

READP - Reads two load reference curves which_define distribution

of the applied generalized nodal loads.

READPR - Reads a pressure load reference curve which defines the
distribution of the applied pressure loads (one intensity for

each element).

READI - Reads incremental load data, includihg the nodal load and
pressure load curve factors for the total load at the end of

each increment.
HEAD -~ Writes a heading output for each load increment step,
including load parameter value, number of iterations required and

accuracy achieved.

QUTLIM - Predicts and outputs limit point values for the load

parameter, and nodal forces and displacements.
QUTPQ - Outputs nodal forces and displacements.

OUTE - Outputs element strains.

QFILL - Uses vector of system-level nodal displacements Q to form

vector of element-level nodal displacements g for an slement.

PFILL - Takes vector of element—~level nodal forces p and adds

them to system-level force vector P.
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DFILL - Uses element nodal displacement vector g to compute

vector of displacement derivatives 6 within the element.

EFILL - Uses element displacement derivatives vector 8 to compute

vector of strains € within the element.

AFILL - Uses element displacement derivatives 6 to form Lagrangian

AD or Al matrix within the element.

GFILL - Uses element displacement functions to form the 6-g

transformation matrix G.

MTRAN - Matrix transformation routine, which performs operations

of the type Ki. = D_.B_.B

j ab"~ai’pj for given D and B matrices.

ROTQ - Transforms element displacements or forces, from either

nodal to element or element to nodal coordinate systemn.

ROTK - Transforms element stiffness matrix from element to nedal

coordinate system.

FORCE - Computes internal nodal generalized forces corresponding

to given nodal displacements.

PFORCE - Computes applied nodal force loadings, using nodal load

reference curves and corresponding load factors.

EFORCE - Computes nodal forces due to applied pressure loadings,
using pressure reference curve and factor, and the current area
and orientation of each element (determined from geometry and
current displacements).

ERCOMP ~ Computes and outputs error norm for each residual force

iteration, using applied (external) forces and computed (internal)
forces.

MM annn 3180 Aos adea



THE '”f’”g COMPANY

STRAIN - Computes strains for each element using geometry and

nodal displacements.

ENERGY - Evaluates the strain energy density for an element at
given strain components. This routine will in general be a user
supplied routine based on the types of materials being used in

the structure.

EVAL - Performs the function (strain energy) evaluations at the
current strain state, and at the required adjacent "perturbed"
states necessary to establish a strain energy expansion in terms
0of incremental strains. EVAL calls the STRAIN routine for :
evaluation, and defines the evaluation points by using the user-
specified finite difference sizes. A first, second or third
order expansion may be specified, and the corresponding function

evaluations are returned in the form of a vector.

UZ2FORM -~ Forms coefficients for a general second order Taylor
series expansion, using function values provided by EVAL. Used
to develop the strain-energy related tensors Ty and DOij for a

material at current deformation state.

U3FORM - Similar to U2FORM, but forms coefficients for a general

third order expansion. Develops the tensors O; DOij and Dlijk'

UFILL - Calling routine which calls either U2FORM or U3FORM,

depending on desired expansion order.

CFORM - Forms the contribution to the Jacobian stiffness matrix

due to the nonconservative pressure loadings.

GENER8 -~ Generates the elemental Jacobian matrix using the
current geometry and the material tensors oy and Doij‘ Also

adds contributions from CFORM if loading is nonconservative.

.
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USUM1l - Performs a summing operation between a second or third

order tensor function and its vector argument, to give a vector.

UsSUM21 - Performs a summing operation between a third order
tensor function and its two (different) vector arguments, to

give a vector.

P1COMP - Computes the nonlinear load term Pl*, required in gen-

erating the second order fundamental equilibrium equations.

RATES - Computes the first and second order fundamental load

parameter and displacement rates,

STEP -~ Provides automatic calculation of a fundamental path load
step size, and techniques for traversing limit points.
EIGENL - Computes the psuedo force term Pll, for use in the

inverse power iteration eigensolution process.

EIGEN - Eigensolution routine for inverse power iteration. Calls
EIGEN1l routine.

POST2 - Computes the second order postbuckling psuedo force terms

p2l or p22.

POST3 - Computes the third order postbuckling psuedo force term
P3.

PRATES - Computes the first and second order postbuckling load
and displacement rates, and third order displacement rate, at

the bifurcation point.

VDOT, VCROSS, VLENTH, VNORM - Vector subroutines for computing

dot product, cross product, length, and normalizing a vector,

respectively.

00 8000 214N ODRIG. 44T
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MERGE - Merges elemental Jacobians into system Jacobian, with
provision for constrained degrees of freedom. Forms general

unsymmetric Jacobian matrix.

DECOMP - Decomposes unsymmetric Jacobian using Gauss wavefront
type procedure. Takes advantage of sparsity but uses total
_sguare matrix for storage without packing or external storage

devises. (This is a small pilot version decomposition routine.)

SOLVE ~ Performs forward and backward substitution for unsymmetric

Jacobian matrix to provide solution vectors.
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4.3 Summary of PANES Input Data

A pictorial of the PANES input deck is shown in Figure 4-1. The

input data consists of the following three general types:

Type C: Data on the usual card file. These are
data which are needed for each start or

restart.

Type I: Data on File I. These are basic structural
data for a given problem, such as material
properties and mesh data. They are the
same for all load increments and are

needed only when starting.

Type II: Data on File II. File II is not used in
the current PANES version. It is provided
for possible future use as a file of
incremental data (e.g. additional nodal
and thermal lcad data).

The data included on each file are described below., Formats are

consistent with FORTRAN IV conventions.

c-1. Start-restart code and data file numbers:
a. "START" if new problem, or "RESTART" if restarting.
b. If starting give unit number for file I.

c. Unit number for file II {(need not be given).

d. Unit number for output file (e.g. printer).

1YY A0AY P an B e ad v
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C-7 FINAL BLANK CARD

C-6 MECHANICAL LOAD DATA

I-8 PRESSURE LOAD
REFERENCE VECTOR

-7 NODAL LOAD
REFERENCE VECTORS

-6 FORCE—DISPLACEMENT
CONSTRAINT SPECIFICATIONS

1-6 ELEMENT DEFINITIONS

-4  NODE DEFINITIONS

-3 SPECIAL COORDINATES

-2 MATERIAL PROPERTIES

11 BASIC STRUCTURE
DEFINITION

C-5 CONTROL CONSTANTS

: NOTES:
C4 PERTUBATION
DIFFERENCE SIZES C 1S CARD FILE
C-3 CONTROL CONSTANTS i1l ARE CARD OR TAPE FILES

C2 PROBLEMI.D. DATA ON FILE | IS USED ONLY WHEN
C-1 START—RESTART STARTING A NEW PROBLEM.

FILE NUMBERS
CODE AND DATA ON FILE C IS USED WHEN STARTING
OR RESTARTING

FILE N IS RESERVED FOR POSSIBLE
FUTURE USE

Figure 4-1:  PANES INPUT DECK SETUP

4-9
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e. If restarting give load increment number from the

end of which a restart is to be made.
f. If restarting give input restart-tape unit number.
g. If data is to be saved for future restart give out-
put restart-tape unit number.
Format (A4, 6X, 6I5)
Problem I.D. title.

Format (20A4),

Program control constants (any constant left blank is

assigned a default value):
a. Specified order of material incremental stress-strain
expansion to be used (2 is exact for linear material,

maximum order is 3). Default order is 3.

b. Solution predictor type. Type 1 = lst order,
Type 2 = 2nd order.

Default type = 2.

C. Maximum number of Jacobian updates per load incre-

ment step.
befault = 0.

d. Maximum number of residual force iterations per

Jacobian update.

Default = 5.
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a. Maximum allowable residual force error norm.
Default = 1 x 10 2.

Format (4Il0, Flo;O)

Perturbation difference magnitudes for evaluating strain

energy.
a. Difference for computing stiffnesses.
Default = 1 x 1073,
b. Difference for computigé forces.
8

Default = 1 x 10 .
Format (2F10.0)
Program control constants

a. Number of increment subdivisions to be performed as

load nears a limit value. Default = 3.

b. Ratic of limit load to load increment values at which

limit point is to be traversed. Default = 0.1.
¢. Increment step size limitation, computed from slope
of load parameter versus path parameter curve, and

equal to change in slope divided by average slope.

Default = 0.5,
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d. Maximum load increment step size (used especially
in unloading), and defined as a factor times the

specified load increment.

Default = 1.0.

e. Maximum fraction of current load increment by which

load is allowed to reduce after passing a maximum

limit point.

Format (110, 4F10.0)

Basic structure definition

a. Code for element pressure loads. Code 0 = no

pressures, Code 1 = pressures. Default code is 0.

b. Degree of freedom per node (2 or 3). No default
value.
c. Default thickness for all elements.

Format (2I10, F10.0)

Material property definitions. For each material give'
material I.D. number, and 2 material constants for use
by the strain energy evaluation routine.

Format (I10, 2F10.0)

Blank card after data for last material.
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For each special Cartesian coordinate system: the

identification number (integer > 2) and counter-clockwise

~angle (degrees) from basic system X-axis to special system

X-axis.

* Format (I10, F10.0)

Blank card after last coordinate system.

For each node: Node number:; identification number of
coordinate system to define location; X, ¥ and Z2 (or R,

B and 2); identification number of coordinate system to
define displacements. (Coordinate I.D. number 0 implies
the basic Cartesian system, 1 implies the basic cylindri-

cal system).
Format (2I5, 3F10.0, I5)
Blank card after last node.

For each element: element number, material number, thick-

ness, three node numbers (counter-clockwise order),

If thickness is left blank, default value from I-lc is

used.
Format (2I5, F10.0, 3I5)

Bilank card after last element.

For each DOF with specified displacement or constraint:

If specified displacement, give node number and component
(1, 2 or 3) number; '
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If specified constraint, give node and component number,
and independent node and component to which DOF is con-
strained (independent component number is + for specified
force, - for specified displacement}. User has option of

from 1 to 4 values per card.

Format (4(415))

Nodal load reference vectors.

Number of vectors (for current program version must be 2)
Format (I10)

For each nonzero component of load vector:

node number, component number (1 = X or R, 2 = Y or 6,

3 = 12), force or displacement value. User has option of
from 1 to 4 values per card.

Format (4{2I5, F10.0))

Blank card after last wvalue of each vector.

Pressure Load Reference Vector. (Input only if pressure

code in data item I-1 is nonzero.

Number of vectors (for current program version must be 1)
Format (I10)

For each nonzero component of pressure load vector:

element number, pressure intensity. User has option

of from 1 to 4 values per card.

Format (4(110, F10.0))

Blank card after last value of vector.
4-14
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C-6. Incremental load data
Number of load increments
Format (Il0) .
For each load increment: solution predictor type (if
left blank, wvalue from C-3b is used), the cumulative
factors to be applied to the nodal lcad reference

vectors, pressure value for all elements. Pressure is-

applied in element positive z-coordinate direction.
Format (I10, 3F10.0) .

c-7. Final blank card.
Problems may be run consecutively (first data item for
each problem follows immediately after lést item of pre-

ceding problem)- Final blank card indicates that all

problems have been read.
4.4 Summary of PANES Output
The description of PANES ocutput is convenilently divided into two
parts. The first is primarily an echo check of the input data,
and the second part consists of output results for each locad

increment.

4.4.1 Echo Check of Input Data

Initial Output - The first page of PANES output for a probiem is

essentially an echo check of input items C-1 to C-5, I-1 and

I-2. An indication is given as to whether the problem is being

started or restarted. If it is restarted then the previous

increment number is given, from the end of which the restart is
4-15
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progressing. Next the problem I.D. title is printed, followed
by the various control constants and finite difference magni-
tudes (DFE and DFF). The limit point related control constants
(MJUMF, JUMPR, SLOPED, FLAMAX and LAMIN) are then printed. Fin-
ally the basic structural quantities from I-1, and the material

property ¢onstants from I-2 are printed,

Special Cocrdinate Systems - These are the user-defined direction

{special Cartesian) systems of input data item I-3. Quantities
printed are the system number, and counter-clockwise angle (in

degrees) from the basic X axis to the special-system x axis.

Node Definitions - The information given in input item I-4 is

printed. Values are the node number, location coordinate system
number (0 = basic Cartesian, 1 = basic cylindrical), X or R
cocordinate, Y or 6 {(degrees) coordinate, 2 coordinate, direction
coordinate system number (0 = basic Cartesian, 1 = basic

cylindrical, >1 = number of special user defined system).

Element Definitions - The information given in input item I-5

is printed. Values are the element number, material I.D. number,
element thickness, the three element node numbers in counter-

clockwise order, and the computed element area.

Force-Displacement-Constraint Prescriptions - These are the codes

given in input data item I-6. Quantities printed are the
dependent node and component number, and independent node and
component number. (If specified displacement, no independent

numpbers are given).

Nodal Load Reference Vectors - For each input component of the

two load vectors from input item I-7, the node number, component

number, and load value are printed.

CQ 6000 2140 ORIG, 8/7
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Pressure Load Reference Vector - For each input component of the

pressure load vector from input item I-8, the £lement number and

pressure intensity are printed.

Incremental Load Data - Quantities related to input data -item

C-6 are printed. First is printed the number of load increments
to be run. Then for each increment is given the increment num-
ber, input or default value for the predictor type, and factors
to be applied to thé two nodal load reference vectors and the

pressure load reference vector,
4.4.2 Results for Eéch Load Increment

Interative Error Values - An error norm computed at the end of

each iteration is printed. The error norm is obtained by a

ratio of unbalanced (residual) forces to total forces.

Increment Heading - The load increment and load step riumbers

are printed, along with the load increment and load step values
at the end of the step. Following this are the nodal load
referente vector factors, the element pressure vector factor,
the predictor type for the increment, the maximum allowable
number of Jacobian updates and the nunber performed during this

load step, the maximum allowable number of iterations per update

~and the number performed since the last update, and the maximum

allowable error norm and the error norm actually achieved.

Forces and Displacements - The cumulative nodal displacements

and corresponding internal forces are output. The node number
is printed, followed by the U, V and W (or R, &, Z) components

of force and displacement.

Strains - The cumulative element strains are output. The

element number is printed, followed by the XX, YY, and XY

strains in the element coordinate system.

4-17
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Limit Point Qutput - When a limit point is traversed, the pre-

dicted value of the incremental limit lcad parameter is output,
followed by the predicted limit forces and displacements, and
strains.

Bifurcation Point OQutput - When an eigenvalue solution is per-

formed to determine a critical point, the eigenvalue computed
for each inverse power iteration is printed, along with the

location of the maximum value in the eigenvector.

Decomposition Output - Whenever the Gauss decomposition routine

is called, it prints the value (sign and base 10 logarithm) of
the Jacobian stiffness determinant.

DO ANNN 2140 A RIC af 3
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5.0 ILLUSTRATIVE PROBLEMS

Four example problems problems are presented here in order to
illustrate various aspects of nonlinear equilibrium and stability
theory, and to demonstrate use of the developed nonlinear sub-
routines and the PANES finite element program. Section 5.1
describes a snap-through truss problem with geometric nonlin-
earity and a maximum and a minimum limit point. Section 5.2
describes a simple pressure membrane with nonconservative type
loading {changing load area), resulting in a maximum limit point.
- The toroidal membrane in Section 5.3 is a fairly difficult
f-problem, involving nonlinear (Mooney) material with follower-
force loads and changing load areas. It results in very large
displacements and strains, and a maximum and a minimum limit
point. This problem demonstrates some unique capabilities of
the PANES program. Finally, Section 5.4 describes a simple

bifurcation/postbuckling model, with asymmetric behavior.
5.1 Snap-Through Truss

This is a problem similar to that used as a test case by several
researchers in nonlinear structural analysis, e.g., Haisler

et al. (1971). The system consists of a single inclined bar
{(or one half of a symmetric two-member truss) as shown in
Figure 5-1. The bar has length 1.0 with axial stiffness

AR = 2xlO7 (Hookean material), is inclined initially at a
slope of 1:100,and is subjected to a vertical end load P. The
PANES program idealization of this system used two constant
strain triangle elements, with modulas E = 2x108 and thickness
= 0.1. Node 4 was constrained to have ﬁertical displacement
equal to that at node 2, so that a system with essentially one

degree of freedom (vertical displacement Q) is obtained.

The expression for the axial strain, e, is given by

£ = -.01Q + 0.50% (5.1-1a)
5-1
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and stress, ¢, is given by
o = -2,000,000Q + 100,000,00002 . (5.1-1b)

Thus the axial force is -200,000Q + l0,000,000Qz, from which it
may by shown that the vertical applied force, P, is given by the

fellowing basic equilibrium egquation.

P = 2000Q - 300,000@2 + 10,DOO,OOOQ3‘ : (5.1-2)
Differentiating with respect to Q, and evaluating at a reference
equilibrium configuration (Q*, P*), gives the first order equi-
librium equation

Pt = 2000Q* - 600,0000*Q*% + 30,000,000Q*2é* (5.1-3a)
or

P* = KO*Q* | (5.1-3b)
where the Jacobian stiffness is

KO* = 2000 ~ 600,0000Q*% + 30,000,000Q*2

A second differentiation and evaluation of equation (5.1-2)

results in the second order equilibrium equation
P* = KO*Q* + pl* (5.1-4)
where the psuedo force Pl is defined by
Pl* = 600,0000%% + 60,000,0000%d*2
Using the eguilibrium equations (5.1-3) and (5.1-4), the P-0

path history can be computed by various incremental and itera-

tive approaches, including identification of limit points.
5-3
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(Of course for this simple one-degree-of-freedom system, the
path can be obtained immediately from the basic equilibrium
equation (5.1-2)). The P-Q path history is shown in Figure 5-1.
The PANES program solution was accomplished using six user-
specified load increments (P = 1.0, 2.0, 3.0, 4.0, 5.0, 10.0},
although about 30 additional load steps were selected automat-
ically (mostly to achieve the desired accuracy in locating and
traversing the limit point regions). Most load steps required
only one or two residual force iterations, with use of a second

order predictor.
5.2 Simple Pressure Membrane

One of the simplest problems which .can be used to illustrate
some of the effects of nonconservative loading in stability
analysis is the simple pressure membrane shown in Figure 5-2.
The system consists of a flat membrane 2.0 wide by 1.0 high

with unit thickness, and subjected to a uniform pressure intens-
ity A on one side. The ends of the membrane slide along the

45° supports, and are constrained to move together equally in
the X direction. This gives a single degree-of-freedom system,
with X-direction force P and displacement Q, and the membrane
undergoes a uniform stretching in the Y direction. The solution
was verified by a finite element analysis using the PANES
program. The finite element mesh consisted of the two constant
strain triangle elements shown in Figure 5-2, with X-direction
displacements at nodes 2-4 constrained to equal the displacement

at node 1. Zero displacements were enforced in the Z direction.

Considering large displacement and large strain effects, the
stretch in the Y direction is denoted by A, and is egual to

the change in length divided by original length. The strain-
energy density U, measured‘per unit undeformed volume, is taken
to be defined by the function

_ 2 04 2 4 _
U=0C-1)° +c,(x-1)" = ¢;Q° + C,0 (5.2-1)

5-4
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Note that we could define a Lagrangian strain £, and stress-

like guantity o, by -
e = 20:%-1)
_aU _3Uu _ 3
g = é—_)-\- = a-—-é- = 2ClQ + 4C2Q

However, this is not necessary in the present problem, for
which the force can be derived directly from the strain-energy

function.

The basic equilibrium equation for the system is written using
the equivalence of external force (defined in terms of the
pressure loading A} and internal force (defined as the deriva-

tive of strain energy with respect to displacement Q):

P = 24 (14Q) = 2(20,0 + 4c,0%) (5.2-2)
Choosing specific values for the material constants Cl = 10
and C2 = =1, the basic equilibrium equation may be written as

A (1+Q) = 20Q - 4Q° (5.2-3)

Differentiating equation (5.2-3) provides the first order
equilibrium equation

A(1+Q) +40 = 200 - 120%0 (5.2-4a)
or at an equilibrium configuration (%, Q*) we can write

A* = ((20 - 120%% - A #*)/(1+0%)) O* (5.2~4D)

OD BOND 214D MRAKG. af Ty
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From this equation it can be seen that the value of a Jacobian

stiffness KO*, relatingﬁ_* with é*, is
KO* = (20 - 120%% = A %)/ (140%) : (5.2-4c)

(For simplicity we have here defined the Jacobian relative to
A rather than ﬁ).

Differentiating equation (5.2-3) a second time gives the second
order equilibrium equation, as

A(1+Q) + 20 + 48 = 208 - 24082 - 12028 (5.2-5a)

or at an equilibrium configuration we can write

* = KO*(‘}'* + pP1l* (5.2—5b)
where the psuedo force Pl is given by

PL* = (-240%3*2 - 24 *0%) / (140%) (5.2-5c)
To illustrate the actual behavior of the system, we now choose Q
as the path parameter, and without loss of generality specify
at every point the conditions Q = 1 and 5 = 0. To aid in deter-
mination of a limit type critical point, we have the condition
A* = 0 at the limit point. Using this condition, and solving
equation (5.2-4b) with the use of (5.2-3), we find a limit point
at A* = 8.0, Q* = 1.0). The entire A -0 path history may be
determined by various incremental and iterative predictor-
corrector schemes, and is shown in Figure 5-2. The PANES
program solution to this problem used a second-order predictor

with residual-force corrective iterations.

.
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5.3 Toroidal Membrane

The problem illustrated here is a toroidal membrane under
internal pressure, shown in Figure 5-3. This structure exhibits
a highly nonlinear type of behavior with very large displace-
ments and strains, and both a maximum and a minimum limit point.
The second-order predictor was employed in a PANES program solu-
tion, along with residual-force corrective iterations to achieve
equilibrium at each load step. Both the predictor and corrector
incorporated all changing load area and follower-force effects.
(This gave an unsymmetric KO* matrix, whose decomposition was
obtained by the Gauss wavefront procedure. It was apparent that
the unsymmetric effects became large enough that their inclusion

was necessary for convergence).

The torus was assumed to be of Mooney material with constants

Cl = 80 and 02 = 20, and was analyzed using plane-stress membrane
elements. Geometry and displacement components are defined in
Figure 5-3. The torus has major radius 10, minor radius 2, and
thickness .05. Cylindrical coordinates were employed to model

a wedge-shaped segment of the major circumference, of from 2 to
10 degrees arc. Constraints were employed in the radial and
vertical directions in order to egqualize corresponding displace-

ments along the two sides of the wedge.

Table 5-1 summarizes computed values of key displacements for

the user~defined (input) pressure increments and the computed
limit pressures, obtained with three different meshes. (N denotes
the number of subdivisions over one half of the minor circumfer-
ence). The indicated convergence with mesh refinement is of the
kind to be expected, with finer meshes giving a more flexible
Structure, and resulting generally in somewhat larger displace-
ments and lower limit point values. Computer run times ranged
from 1 minute (IBM central processor time) for mesh N = 4, to

7 minutes for mesh N = 12. These times should be regarded in a

5-8
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qualitative fashion only, since for example much of the time
was spent in solving the linear unsymmetric stiffness equations
and this time could be reduced by use of a production type

equation solver.

More detailed results for the fine mesh (N = 12) are shown in
Table 5-2. There the data columns represent respectively the
pressure, load increment number (user-specified increment),
step number (where the PANES program automatically divided the
specified increment into a number of smaller steps), number of
residual-force type iterations performed in order to achieve
the required accuracy, and values of the radial and vertical
displacements at key points. Figure 5-3 gives very interesting
plots of two key load-displacement paths, and indicates that no
difficulties were caused by a displacement which followed an
extremely irregular "doubling back" type of path, including
sharp curvature sections. The basic results for this problem
are corroborated by another solution to the same problem by

Key (1974), who developed a finite element program with a Newton
Raphson solution technique, and obtained results for pressure

levels up to near the first limit point.

It may be of use for comparison/test purposes to mention corre-
sponding results obtained by increasing the major radius from

10 to 12. Maximum and minimum limit points occurred at pressures,
h, of 4.355 and 4.125, respectively, while maximum displacements

(at h = 5.0) increased roughly 20 percent.
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5-1: TORUS RESULTS (MESH/CONVERGENCE CHARACTERISTICS)

A U W U,
~. 0065 L0015 0120 .0076 )
- . 0399 .0114 .0529 .0484
-.0827 ,0315 .1080 .1130
-.162 .109 .243 .301
-.216 .281 .436 .631
-.168 . 732 .784 1.371

. 057 1.438 1.203 2.436

.653 2.891 1.959 4,543
2.032 10.056 6.787 15,551

_3.142 22.203 20.007 35.578 |
. 0062 .0013 .0135 L0067 )
. 0414 .0112 L0571 .0489
-, 0870 .0323 1157 .1169
-.171 117 .261 .320
-.223 .316 .476 .693
-.129 .908 .904 1.640

641 2.892 1.967 4.531

1.946 10.374 7.039 15,951
-1.665 19.076 15.972 29,895
-4.746 27.973 24.446 42.678

-. 0065 .0013 .0136 L0070 )

. 0431 L0115 .0584 .0505

-. 0902 .0333 .1189 .1210

-.176 .123 .270 L334 -

-.226 . 340 .499 .736

-.088 1.050 .991 1.853

.636 2.889 1.964 4.518
1.903 10.607 7.199 16.239

-2.895 22.706 18,904 34,581

~5.510 32.327 27.005 47.404

% Limit points

12
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TABLE 5-2: TORUS INCREMENTAL RESULTS (N = 12)

U U W u

h INCR. STEP  ITER. A B B C
.00625 1 1 7 -.00026 .00004 .00121 . 00028
+ .10 2 6 -, 0065 .0013 .0136 . 0070
+ .50 2 1 3 -,0431 .0115 .0584 . 0505
+ 1.0 3 i 2 -.0902 .0333 .1189 L1210
1.5 4 1 2 -.135 . 069 .188 213
+ 2.0 2 2 -.176 123 270 .334
2.5 5 1 2 -.209 .207 .370 .499
2.75 5 2 1 -.220 . 266 .430 606
+ 3.0 3 1 -.226 . 340 .499 .736
3.360 ) 1 2 -,219 .490 621 .986
3.632 2 2 -.193 658 .742 1,254
3.816 3 1 -.155 .819 .849 1.503
3.908 4 1 -.127 .922 .914 1.661
+ 4.0 5 1 -.088 1.050 .991 1.853
4.108 7 1 1 -.023 1.248 - 1,106 2.147
4.187 2 1 .049 1.446 1.216 2.439
4,243 3 "1 .123 1.641 1.322 2.72%
4,284 4 1 .197 1.829 1.421 2,995
4,309 5 1 .268 2.005 1.513 3.250
4.327. 6 1 . 335 2.167 1.596 3.483
4,339 7 1 . 395 2.313 1,671 3.692
4.346 8 1 .448 2.441 1.736 3,875
4.351 9 1 . 494 2.549 1.791 4,031
4,354 10 0 .532 2.640 1.837 4.161
t+ 4.357 - - 636 2.889 1.964 4,518
4.354 11 6 .795 3.273 2,160 5.067
4,329 12 2 1.094 4.018 2.546 6.137
4,279 13 2 1.472 5.063 3.117 7.654
4,229 14 1 1.784 6.117 3.740 9.210
4,204 15 1 1.921 6.715 4,121 10.108
4,179 16 1 2.040 7.413 4,595 11.172
4.158 17 1 2,110 8.143 5.125 12.302
4,145 18 1 2,124 8.725 5.577 13.218
4,137 19 1 2,107 9.194 5.958 13.962
4,133 20 1 2.076 9,568 6.272 14.559
4,130 21 0 2.040 9.860 6.526 15.029
++ 4.127 - - 1.903 10.607 7.199 16.239
4.130 22 5 1.659 11.544 8.083 17.760
4,153 23 *2 1.036 13,257 9.785 20,534
4,327 24 3 -1.387 18.766 15.270 28.987
+ 4.5 ' 25 2 -2.895 22.706 18.904 34,581
+ 5.0 8 1 5 -5,510 32.327 27.005 47.404

T Input pressure loads. Intermediate pressures were selected automatically
by the program.

t1+ Limit points,
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5.4 Asymmetric Buckling Model

The problem illustrated here is that used by several investi-
gators of bifurcation and postbuckling behavior, e.g., Thompson
{1970) . The model cbnsists of a spring and rigid bar as shown
in Figure 5-4. The asymmetric postbuckling behavior is due to
the decreasing resisting moment arm of the spring force about
point O, as the top of the bar deflects to the right.

The conservative load A is applied vertically to the top of the
bar. The spring is initially inclined at 45 degrees, and has
constant stiffness K. This is a single degree of freedom
system, defined by the horizontal displacement Q. The vertical
component of distance from O to B at any time is equal to
Vl—Qz, and the horizontal distance from A to B is 1+Q, from
which the length of the spring is found to be v2(1+3). The
moment arm of the spring force about point O is then determined
as ¥Y1-{1+0}/2. Equating the external applied and internal
resisting moments gives the basic postbuckling equilibrium

equation for the system as

Q = K(V2(I+0) - 72) /I-(13¥Q) /2 = K({ /Y1+Q - 1) /I-Q (5.4-1a)
or
v o= K/1-0% - vTTOi /g (5.4~1b)

Evaluating A from this expression using a small finite difference

in Q, gives the critical load value as

A = % K N (5.4-2)

5-~13

}
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Similarly a second-order finite difference evaluation gives the

critical asymmetric load rate as
3
g-%= - 3§ K (5.4-3)

The location of the critical (bifurcation) point was verified

by a PANES program solution.

- 1.0

0
}i///%///////%‘)‘ﬂ ‘
A 1
() PREBUCKLING GEOMETRY {b) POSTBUCKLING GEOMETRY

Figurs 54:  ASYMMETRIC BUCKLING MODEL
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6.0 CONCLUSIONS AND RECOMMENDATIONS

Conclusions - The present work provides improved techniques for

solution of structures with material and geometric nonlinear-
ities. FORTRAN subroutines have been developed, and incor-
porated into a new nonlinear finite-element program called

PANES (Program for Analysis of Nonlinear Equilibrium and
Stability}. A new approach is developed for representing an
arbitrary nonlinear material in terms of a finite-difference
generated stress-strain expansion, and is considered to be of
major significance. This approach leads to formulation of
perturbation-type equilibrium equations of any desired order,
and is effective even for numerically integrated finite elements
with large degrees of freedom. The formulation should provide

a unifying basis for design of many nonlinear structural analysis

programs.

The present PANES program is a pilot ﬁersion, éapable of analyz-
ing problems with large strain and arbitrary nonlinear elastic
materials, and provides membréne finite elements (two or three
degrees of freedom per node) with nonconservative pressure
loading. It includes automated techniques which have been
developed for selection of load step sizes, and for locating
and traversing maximum and minimum limit-type critical points.
Subroutines are also included for location of bifurcation-type
critical points on a general nonlinear prebuckling path, and
for determining the symmetric or asymmetric postbuckling
behavior. The postbuckling capabilities have not yet been

completely automated and tested, however, and should be regarded

~as being in a devélopmental stage.

Recommendations - The PANES program solution routines provide

a significant pilot capability for analysis of structures with

highly nonlinear material and geometric effects, and should now
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be extended and evaluated for a wider class of practical

— structures. Listed below are recommendations for future work.

1. The first priority should be given to improving and
verifying the PANES postbuckling subroutines. This
effort should include the generalization of program logic
to accept additional types of finite elements, and in
particular the addition of simple bar elements to the
program. These elements will simplify the study of
postbuckling results, and are desireable for initial
verification because of the somewhat complex nature of
the new nonlinear material postbuckling theory.

Automated techniques should be incorporated for branching
to the postbuckling path, similar to the existing PANES
techniques for traversing limit points.

2. The program should be extended to incorporate a number
of higher-order finite elements. Important candidate
elements are plates, shells, and isoparametric-sclid

- elements. Such elements will greatly extend the analysis
capabilities of the program, and also importantly demon-
strate the effectiveness of the new nonlinear solution
technigques for elements which are numerically integrated
and have large degrees of freedom. ‘

3. PANES now handles an arbitrary nonlinear elastic material,
by use of the proper material strain—energj definition.
Formation of the stress-strain expansion relation should
be generalized to cases of inelastic material, i.e., those
materials for which a strain-energy function does not
exist. The concept of this generalization is neot difficult,
but some study is required to develop an effective algor-
ithm for forming the higher-order stress-strain expansion
terms.

4. A number of largely theoretical improvements should be
studied. These include the treatment of multiple and
closely-spaced critical points (as often occur in an
optimally designed light-weight structure), and the method

6-2

DO 8000 2140 ORIG. a/71



THE 3”:’”” COMPANY

of postbuckling behavior solution for cases of an
unsymmetric Jacobian stiffness matrix. Incorporation of

a third-order fundamental path predictor also appears
desireable, especially for use in prediction of bifurcation-
type critical points. The nonlinear eigenvalue solution
for these points is somewhat costly, and would have to

be performed less often with the higher-order predictor.
The program size capability should be increased to handle
the expected range of practical nonlinear structural
problems. This involves some reorganization of the main
program logic, and the addition of a production-~type

linear equation solver such as the Gauss~wavefront routines
used in the BOPACE elastic-plastic-creep program (Vos and
Armstrong (1973)).
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APPENDIX A: FINITE DIFFERENCE EXPANSIONS

For the type of nonlinear solution techniques utilized in this
work, it is necessary to generate the Jacobian stiffness matrix

as well as various force-type vectors associated with residuals
and nonlinear predictor quantities. 1In the general case involving
nonlinear materials, these quantities cannot be effectively deter-
mined by an explicit process, and must be generated numerically.
The numerical representation may be based on a direct expansion

of the generalized forces in terms of displacements (e.g. the
method for Jacobian generation used by Oden and Key (1970)), or,
as in the approach used here, it may be based on an expansion of
stresses in terms of strains. In any case the procedure requires
the expansion of a dependent function of several independent

variables, about a known reference point.

An effective expansion procedure has been developed in the present
work by use of a Taylor series, in which the expansion coeffi-
cients (partial derivatives) are evaluated using finite differ-
ence expressions. After a study of various alternatives, it was
concluded that the most efficient scheme involves forward differ-
encés rather than central differences, because the forward differ-
ences result in simple formulas and require a minimum number of
function evaluations. In addition, if an approximate solution
path increment is known, i.e. if the approximate increments which
will occur in the independent variables are known, then a more
accurate function répresentation can be obtained with the forward
difference scheme by selecting the appropriate difference values.
Difference coefficients are derived here for expansions of linear,

quadratic and cubic form.

Linear Form - Coefficients for a linear expansion correspond to

those in a two-point forward difference formula. The derivation

is rather trivial, but it serves to illustrate the basic procedure.
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The Taylor series expansion of an arbitrary function f, in terms
of independent variables X5 is

£ = £ + £. Ax. (A-1)
i i .

where £, = Bf/axi denotes the partial derivative of f with respect
to the ith independent variable, and A denotes an incremental
guantity. The unigue types of terms may be derived by considering
only one of the independent wvariables, which we denote simply by
x. Referring to Figure A-1, we describe the values of £ at points
1l and 2 by the linear expansion

gl 1 0 £l

f2 1 1 f_Ax
X

(A=2)

Inversion of this relation gives explicit definition to the differ-

ence coefficients, in the form of the matrix in the inverse rela-

tion:
1 1
£ 11 0 £ a-3)
e axf (-1 1 £
X
or
£, = (-1 + £2)/ax (A-4)
————— X
10 o?
- — -

Figure A-1l: Linear Difference Expansion

A=2
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Quadratic Form - Coefficients for the guadratic expansion corre-

spond to those in a three-point forward difference formula.
Because the expansion involves terms no higher than second order,
the unique types of difference coefficients can be derived by
considering only two of the.independent variables, say x and y.
The corresponding Taylor series expansion for the function f(x,y)

is given by the expression

_ el ' 2 1 2 _
£E= £ + fox + fyAy + 1 f x(Ax) + fyxAyAx + 3 fyy(ﬂy) (A=5)

2

X

Figure A-2: Quadratic Difference Expansion

Referring to Figure A-2, we write

(¢1Y I 0 0 0 0 o 7 (st )
2 1 1 0 1/2 0 0 £ A%
1 1 0 0 1/2 A
4 at™ 0 / ¥ S Y 2¢ {A-86)
£ 1 2 0 2 0 0 £, (%)
£ 1 1 1 1/2 1 172 fyxAyAx
6 _ 2
£ J_ 1 0 2 0 0 2 LE gy (87D )

and inverting the above relation gives
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- % r
= A 1 0 0 0 0 0 =
£_Ax ~3/2 2 0 -1/2 0 0 £2

- 3
- 2 O —_
| SRS 3/2 0 0 /2] f4 | (A=7)
£ (Ax) 1 -2 0 1 0 0 £
"X 5
£ AyAx 1 -1 -1 0 1 £
¥YX 2 6
L, on?) L1 0 -2 0 0 1 ) Wb )

Cubic Form - Coefficients in the cubic expansion correspond to

those in a four-point forward difference formula. Because the
expansion terms are no higher than third order, the unique coeffi-
cient types can be derived by writing the function in terms of

only three independent variables, say X, y and z:

.l 1 2 1 3

£f=f + fox + fyAy + szz + 5fxx(Ax) + ... + Efxxx(ﬂx)

1 3
+ ... 4+ Efzzz(AZ) {A-8)
]
N .
d .
i
N
3
|
M
b
X

Figure A-3: Cubic Difference Expansion

A-4
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Referring to Figure A-3, we write

=

1000
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The inverse of this matrix is the matrix of difference coeffi-

cients, and is given below.

O 00 000O0CCCO0OO0OCO0CO0C OO0 O0TO0CO0O O 0|

1
3 0 0 —5-0 O 0o 0 0 3 00

0 3 0 0 0 -5 O 0 0 0 ¢ O 6 0 0 ¢ 0 O

00300000%0000'00000l

=
—
(93 ]

00 0 0 0 O

- z:hl: c\l
A

1=

0
1
3

S -
(93]
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1 1
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Organization of Terms - The number of unique terms in a symmetric

tensor of order M and dimension N, is summarized as follows.

Order Number of Terms
0 1
1 N
2 N(N+1}/2
3 N(N+1) (N+2) /6
M N(N+1) (N+2) ... (N+M-1)/M!

These relations alsc give the number of unique Mth order partial
derivatives involved in an Mth order Taylor series expansion of

N variables.. For example, the coefficients of a second-order
expansion in three variables (x,y,z)} are the 3(3+1)/2 = 6 second
partial derivatives (xx,yx,yy,zx,zy,zz). The total number of

terms required in the expansion is the sum of.the numbers of
partial derivatives of each order, for example a second-order
expansion in three variables requires 1 + 3 + 3{(3+41}/2 = 10 total
terms, and therefore a minimum of 10 function evaluations to deter-—

mine the coefficient (partial derivative) values.

The required coefficients for an expansion are conveniently organ-
ized into a one dimensional array, for example for a function of
three variables the array is
(¢} £ F. £, £, £ f.. £ )
1 72 "3 711 "21 "22 “31 °*° “111 "¢
The terms are then easily retrieved from this array using the

tensor relations given above. Thus using Li’ to

L.., L...,
i3 ijk
denote the location of the respective i, ij, ijk, ... derivative

terms within the array, we have for a function of N variables

L0 = 1 Lij = L00 + (i-1) (1)/2 + 1
L, =L, + i Looo = Lgg * N(N+1)/2
L00 = 1 + N Lijk = LOOO + (i-1) (1)} (i+1) /6

+ (J-1){(3)/2 + k
A-7
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General Discussion - It may be observed that the forward differ-

ence scheme cutlined here requires a minimum number of function
evaluations, i.e. one plus the number of partial derivatives
involved in the expansion. Along with its other advantages of
possible improved accuraey in certain types of situations, this
would seem to indicate that the forward difference formulas pre-
sented here constitute the best approach for the required function

expansions.

An interesting alternative derivation of the difference coeffi-
cient matrices is possible by a procedure used in the finite
element method. The function to be expanded may be thought of as
the gquantity {say displacement) being interpolated within the
finite element. The function is then defined in terms of its
values at the nodes (i.e. the independent variable values) times
the corresponding shape functions. The required partial deriva-
tives can then be evaluated explicitly at the "origin", i.e. a
corner node at which the sides of the element form an orthogonal
coordinate system, simply by differentiating the element shape
functions. Of course the appropriate finite element shape
functions must be available, but if they are then this process
allows derivation of the difference formulas without inversion

of a matrix. These considerations were initially responsible for
the selection of the forward difference approach, and the second
and third order coefficients were evaluated in this manner, for
example the third order coefficients using the TET 20 element of
Argyris et al.. (1968).

DU 6000 2140 ORIG. 4771
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APPENDIX B: NONCONSERVATIVE LOADING EFFECTS

General Considerations - Several types of nonconservative loading

can occur in finite element analysis, for example where the applied
generalized nodal forces depend on the system displacements, velo-
cities, or other displacement or deformation parameters. The
nonconservative effects considered in the present work are those
due to nodal forces which are a function of the nodal displace-
ments, and in particular the effects of pressure loadings where
the pressurized surface undergoes significant changes in area and
orientation. General formulations-may be developed for these
cases, in terms of area integrals and pressure intensities. How-
ever, in order to illustrate completely the basic effects, the
nonconservative load terms are derived here for the special case

of a constant-strain-triangle (CST) finite element.

PRESSURE INTENSITY = h

®

®

Va1

Figure B-1: CST Element for Nonconservative Loading
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CST Element Definitions - Referring to Figure B-1l, consider the

CST element with nodes 1, 2 and 3, and subjected to a normal

pressure loading of intensity h. The vectors V and V connect

21 31

the nodes 1-2 and 1-3, respectively. The cross product V XV

21

is then a vector with (positive} direction normal to the element

surface and with magnitude equal to twice the element area.

Coordinates in the initial configuration are defined by the com-

peonents x,y,z, and corresponding displacements by u,v,w. Then

by defining for node k, the quantities

cxX, = (xk + uk) ~(x, +u,)

k 1 1
Czk = (Zk+wk) - (zl+wl)

we may write the vectors V as

- Va1 = (exy.cy,y,02,) f
V3l = (cx3,cy3,cz3)
while their rates are given by
Var T pnUyeVpmVy Wyt )
Vg = (U370, Vamvy swamw, )

B.l Fundamental Equilibrium Formulation

(B-1b)

(B-1c)

In this section the nonconservative loading effects are formulated

for the CST element, and used to generalize the fundamental equi-

librium equations in Section 2 to analysis of nonconservative
systems.

OO0 6000 2140 ORIG, 4/ 71
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Basic Load Equation - For a uniform pressure loading, each node

of the CST element has an equivalent concentrated load vector

p, given by

). (B-2a)

The nodal force during an increment of loading is defined by the
basic nonconservative load eguation '

-1 * o Cop)
P; = % (h* + Ah )(V21 x V (B-2b)

i 317 3

where h* is the pressure intensity at the reference equilibrium
configuration, h® is a constant pressure distribution and A is

the incremental load parameter.

First-Order Load Equation - Differentiating equation (B-2b) with

respect to the fundamental path parameter, gives

B, = 2k notv, x Vydi * g (W% +AR%) (V) x Vyy f Yy x Yy,
(B-3a)

Evaluating at the reference equilibrium configuration

=0, V=V*, etc.) gives

. l . % * * 1 * vk * . %k

p; = g!\ h° (V21 X VBl)i + z h (V21 X V31 + V21 x V3l) (B~3b)

This is the first order nonconservative load equation. To put it
into the desired form, we write the vector g of element displace-

ments as

from which it feollows using equations (B-1), that

1
z h (Vzl b4 V31 + VZl X V
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where

cz -Cy -CZ cy
0 2 2 0 0 2 2

-cz3 +cy3 cz3 -cy3
-CZ cX CZ -Cox
2 0 2 0 2 0 2

1 +cz3 -cx3 —cz3 cx3
cy2 —cx2 o o -cy2 cx2 .

—cy3 +cx3 cy3 —cx3

The desired form of the first order nonconservative load eguation

is then
ok ok * L&
P; = Apg + Cijqj (B-3c)
T R S
where P! = ¢ h (V2l X V31)i

1

The first part of é* in (B-3c) is a usual nodal load rate, and
occurs in the nonconservative form of equilibrium equation (2-7c)
as a contribution to the load term P° (see(2-9)). The second
part of ﬁ* occurs in the nonconservative form of (2-7c¢) as an
unsymmétric contribution to the Jacobian stiffness KO0* {(note that
since C:j occurs on the left-hand-side of {2-7c), it must be sub-
tracted from K0%).

Second-Order Load Equation - A second differentiation of (B-2b)

gives - .

Ah® (V.. X V.. + V.. x V

X Vapdy t 21 31 21

.. - ‘]__“ o
Py = ghh® (Vy) x Vi)y

Wl

ap -

X Voi + Ve X Va, + 2V, x V

l * o .
t% (b o+ Ahe)( 31 21 31 21

21 (B-4a)

00 8300 2140 ORIG. 4/ 7



e MVMVEINE corrarv

Evaluating at the reference equilibrium configuration provides

-.* _ l .j{* ho (V* * + l . X hO PR * + * « % )
P; =g 4 21 X V3105 * 34 (Vgp ¥ Vgp + Vop X Vap)y
+ l h* = % * * ark -« k s X 4b
z (Vzl X Vg + v2l x V + 2V XV (B-4b)

31 21 317

This is the second order nonconservative load equation, which

may be written in the form

" * Lk l* B-dc)
pi = Cquj + p i (B-4c
h l _ l 0"\-1* o * l L] o vk
where P =% h (VZl X V3l)1 t 3 A h {V21 b4 V31
+ * .k l h* ' .k
Vor X V1) v 3 (V1 ¥ Vi)

B.2 Bifurcation and Postbuckling Formulation

Basic Load Equation - Development of the nonconservative load

effects for bifurcation and postbuckling follows the fundamental
relations of section B.l. Usging equation (B-2b}, we may write

the nodal force during an increment of loading on the postbuckling

path, as
_ £ p_1 * | f P f P _
P; =Py * P; = ¢ ({h + A h°)((V2l + V21) X (V31 + V3l))i {(B~5a)

Since this relation will be used to establish a nonconservative

form of the postbuckling equilibrium equation (3-3)}, the funda-

mental load contribution must be subtracted from (B-5a). We then
obtain

b 1.7 f P P f p P _

P; = ¢ (h + A he) (V21 X V31 + V5, x V31 + V5, x V3l)i (B=5b)
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First-Order Load Equation - Differentiating equation (B-5b) with

respect to the postbuckling path parameter, gives

p_1," o (of P p £ p P
Pim =g N b7V X V3) + Vi X Vg + V5 x Vy)y
i . * o 'f p £ 'p 'p £ P
+€(h +!\h)(V2lxv3l+v21xv3l+vzlxv3l+v21xV
+ VP x VB o+ VB x v.P), (B-

21 31 21 3171

Evaluating at the critical bifurcation point (Vp = 0}, gives

!
|
o

31 21

Substituting for Vf gives

p..}-_ * -] * P f
p;F =2 (0 + A n) (v, x VP + v

, .
P f
Vo) X AV )y

* a f rp |p f . _
(h 4+ A h )(V21 XV + Vv p:4 V31) . (B

(B-

'f
31

6a)

6b)

6c)

] t
and using the relations which express V P in terms of q p,'gives

'P_ S el f 'p 'p £
Py Cijqj +gh AV, x Vil * VE% X AVSy) .
1yh @ 'p £ 'p 'P vt 'p £
t g AR (Vo X Vag 4 AV X V5T + Vo) X Vgy + Vo7 x AV,
This is the first order postbuckling nonconservative (B~
load expression, which may be written in the form
'P oo L'P 1 -
<9 cijqj + pli (B
where
1__.__]__- o * 'p 'p *
Pli = § AR (Vyy X Val + Vo7 x V)
1 * N 'p 'p f
T (B FART)(AVy) x Vay + Vo1 x AVy,),

B-6

DO 8000 2140 OAIG. 4771

6e)
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Expression (B-6e} provides the necessary nonconservative addi-

tion to the load term, in the first order postbuckling equation
(3-5d). The Jacobiah K0* again becomes nonsymmetric due to

the subtraction of the C* terms. Thus a nonlinear, nonconserv-
ative eigen equatien is produced, which may be solved by the

same approaches discussed in Section 3 for the symmetric problem.

Second-Order Load Equation - A second differentiation of (B-5b)

with respect to the postbuckling path parameter, gives

py'® = %i“"h°(vglxvgl + VB xvy) 4 Vo1 EvE)
+ %f\'h°(v'§le§l + vglxv'gl + v'glxvgl + vglxv'gl
+ViEEvE + VB By
+ %(h* + Ah°)(V"§lxv§l + 2v'§lxv'§l + vglxv"gl + V"glxvgl
+ 2V'§lxv'§l + V§1XV"§1 + V"glxvgl + 2v'§lxv§§ + vglxv'iﬁ)i
(B~7a)
Evaluating at the critiéal point (VP = 0), with the critical
‘value ©f h = h* + Ah®, gives
p} P = %@\'h°(v§lxv'§l + vy Pxvl )
+ gn@v L xvi® a vl syriP oy gyt 2v1Pxyst
+ 2Vé§xVé§) i (B=7b)

Using the relations which express V''? in terms of q''?, gives

0 A PRI S o Pyt
Pi"T = FATRO(V, xViT + ViTkv, ) i
reqt'P 4 Lnevi Exvr® 4 oviPryr T 4 ayiPryr By (B-7c)
1595 6 21731 21%V31 21%V317 4

B-7
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This is the second order postbuckling nonconservative load

expression, which may be written in the form

P 1P 1Pl 2 B
2 Cijqj + 2872, + p2} (B-74d)
where

. L _1l3qo £ 1 P P E
p2y = g AW (Vo xViT + VoIxViy)
1 of ' P 1Pt
+ gh (Vo xVaT + Vo7xViyg)

and

2 _ 1 1Pu1 P
p2; = 3h(VyIxVyy)

Third-Order Load Equation - A third differentiation of (B-5b}

and evaluation at the critical point, provides

'I'l'p__]_- Vino (ot P 1 Pt
Pi'T = g MRV RV + VoxVy)

+ %!\'h°(vglxv'§§ + 2v'§lxv§§ + v'éng§1_+ 2v5§xv'§l
+ 2vpPxviP)
+gh Vo evy P s avr TR s sui Tyt iRk v Bl 4 avy Pavyy
+ 3wt D b 3y PuyiP o 3yiPryiB) (B-8a)

DO 6000 2140 ORIG. 4771
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Using the relations which express V'''P in terms of q'' P,

gives
ll’p __J_' e Q f lp 'P f 1‘_ ] [+] f llp
Pi 0 = g A TTRT (VL xVET + VoTxVa) o+ 3 A The (v xv AP
+aviExviP oy vyt ouibeei £y 2v'Pxvi®y 4 ¢, g1t P
21%V31 21%Y31 21%Y31 217V31 i 39
!‘_ llf Ip lf llp Ilp lf Ip Ilf llp Ip
+ 2h(V 2lxv31 + Vzle 31 + Vv 21xV31 + VleV 31 + Vv 2le31
' P i P : -
+ V2lxv 31) i . (B 8b)_

This is the third order postbuckling nonconservative load
exXpression, which may be written in the form

'lfp= lllp [ } 1 -
H Cijq + 3(s p2i + p3;) (B-8¢c)

P 3

where

p3i = s'z‘{%th°(v§ xv!P + viPyyt \

1 PR P ' Poof
1¥V31 21%¥V31) 5+ FART(VL xVAT + VTRV

31 21%V31) 54

l --f 'p 'p uf
T gh(Vy xViT + ViTxvo.) L)

xv' 1P 4 oy rPyuf 4 oy Py

plr o f
* ST ARV, XV ] 21%V31 21%¥V37)

_1-_ o £ 1 P i p £ “
RV XVIET + VTRV )

!vaip + V'va' Ip

1 '
+ g (V' iTxVyT 21%¥V'37)

DO 6000 2140 ORIG, 471
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APPENDIX C: PANES PROGRAM LISTING

This appendix contains a FORTRAN IV listing of the PANES (Program
for Analysis of Nonlinear Equilibrium and Stability) program.

Following the program listing is a listing of input data for the
torus problem described in section 5.3.

DO 6000 2140 ORIG. 4/71
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[ @]

######t*#########t##*t*##tt##*##t#*###*###########*#####*#########00C00040
P AN E S(PROGRAM FOR ANALYSIS OF NONLINEAR EQUILIBRIUM/STABILITY)O00CO000S0

R.G. VDS, THE BOEING CCMPANY, PHCONE 773-2638, KENT, WASHINGTON
PANES I8M 360 VERSION (78 COF) DATED 09/30/74

0C0C0060
gocgooTo

ibbibbhihhhhdthiddhad i i bt s L g Lo oL T

APPLICABLE TO NONLINEAR NONCCNSERVATIVE HYPERELASTIC SYSTEMS,
CST ELEMENT, 26 NODES, 78 DOF, 24 ELEMENTS, 20 LOAD INCREMENTS.
5 MATERIALS, 2 DR 3 DOF PER NODE.

NODES ARE LOCATED IN BASIC-CARTESIAN OR CYLINDRICAL CCORDINATES
AND DISPLACEMENTS ARE IN BASIC,CYLINDRICAL, CR SPECIAL-CARTESIAN.,
INTEGER UINL,UIN2,UOUT,UINRS,UUUTRS

INTEGER NODsNELyNNyNF ¢ NSyURD 1, MJUMP,NIUMP

INTEGER IPRESS.PREUJIPRED(20) 4MAXUP,MAXIT,NMAT, IMAT(24)

INTEGER NINCR,yINCR,ISTEP, ITERWELNC{3424) yKFD(78),1DEY

OCUBLE PRECISION PFACT(2,20),PREF(2,781,P0{2)4P1{2),PA(2)
COUBLE PRECISION PRFACT(20)+PRREF(24)+PRO,PR],PRA

¢CCo00090
ocCccool00
¢ccool10
0co00120
0€000130
0CGCCol40
0C000150
000C0160
0CcCool170
ccccolso
00000190

DOUBLE PRECISION PPU78),CQ(T8),P(T78),Q(T78),RCITB),RRQGI7B),PDUM(T8)0CC00200

CCUBLE PRECISION LSTGNsRLWRRL+PATHWERR,ERRMAX,DETY
DOUBLE PRECISION LAH,LA“S,LAMR,FL&NAX.LAPIN,JU“PR,RJUNPrSLBPED
COUBLE PRECISION CODRUA(S)+E(S) ¢NU{S),C,CFELDFF
DCUBLE PRECISION GCOS5{9+26),CA0R0(3,26),KMAT(78,78)
POUBLE PRECISION T(24),EGEOM(3,24) yEET{3,24)
CUHMONfCUHNEL/NEL/CUMNS/NS/CUHORD/ORD/CDHBFEIDFE/CUHEET/EET
CGHFUN/CUMNF/NFfCUMMAT/IMATfCDMENU/ErNU/CDMCCfQQ
CUFNGN/CUMCOS/GCDS/CUHCUR/CUURD/CGMEL/ELNC/CCMEG/EGECM/CUM[/T
COMMCN/COMIPR/IPRESS/CCMPR/PRA/COMPRR/PRREF

START PROBLEM

"1 CALL READRS{UINL UINZ,UQUT,INCR,UINRS,UQUTRS)

CALL READO{5,UCUT,CRD4PRED,MAXUP,MAXIT,ERRMAX,DFE,CFF,
LEJUMP, JUMPR, SLOPEC s FLAMAX, LAMIN)
[FIUINRS.GT.0IGO TO 11
COLD START
CALL BIGS{1,UINL,UOUT, [PRESS yNF yNMAT 4 E yNU,
LCCORDA ¢ NOD ¢ NEL , COORD s GCOS s EMAT s ToELNC o EGEQM yKFD 4 PREF , PRREF
2LSIGN+PP,QQ,PL,PR])
NJUMP = MJUuMP+1]
60 TO 16
READ RESTART TAPE
11 CALL BIGS{24UINRS, INCR, IPRESS,NFyNMAT,E4NU,
1CCORDA,NOD sNEL 4 CODRD, GCCS» IMAT, T, ELNO» EGEOM, KF D, PREF , PRREF

00000210
0€g00220
00GC0230
0CC00240
cocoa2so
00GQ0260
cccooz70
cC000280
00000290
00000300
0€000310
00C00320
CC000330
CCCO0340
00C00350
00000360
00000370
¢ocau3s0
00000390
00Q0Qu400
00060410
Q0000420
00000430



(] OO0

oo o

2LSIGN,PP4CQ+PL,PR]) C0C00440

NJUMP = MIUMP+] 00000450

16 TF{UQUTRS.EQ.0)IGOD TO 17 ' 00000460
WRITE RESTART TAPE Q0000410

CALL BIGSI3,UDUTRS,0, IPRESS yNF S NMAT £, NU, C000480
LCCORDA s NOD o NEL s COORD ZGCOSy IMAT , T 4ELNDOLEGECMKFD,PREF,PRREF, 00000490
2LSIGN,PP,QQsPL,PR]L) 00000500
GENERAL PROGRAM FLOW 0000510

17 NS = 3 ¢g0o0520
NN = NOD#*NF 00000530
READ INCREMENTAL LOAD FACTOR DATA GCCOUS40
CALL REACI(SyUOUT ,NINCR,PRED,IPREDyPFACT,PRFACT) Co00005%50
BEGIN LOAD TINCREMENT LOOP 000005606

00 1000 INCR=1,NINCR cQQQ0s%70
LAM = INCREMENTAL LOAC PARAMETER [MAXEIMUM VALUE L1.0). acgo0580
LAMR = LOAD YET TO Bt APPLIED = 1.0 - LAM. 00000590
LAMS = LOAD STEP PARAMETER = FRACTION OF LAMR TQ BE APPLIED. aQQcoeco
~LAM = 0.00 QQQoocelo
LSIGN = +4- FOR LODADING,UNLOADING STTUATION. 00000620
IFILSIGN.LT.0.D0)ISTAP 101 CCCcoas30
POiE)sPLU1)},+PA(]) = LOAD FACTORS FCOR LOAC REFERENCE VELTOR i. CCCO0640
PRO,PR1,PRA = PRESSURE LOAD FACTORS FCOR PRESSURE REFERENCE VECTOR,.00000650
Cs]l DENOTE VALUES AT START,END OF INCREMENT. 00000660

A DENOTES ACTUAL APPLIED VALUE.WHICH AT THIS POINT = 0 VALUL. 0000670

O 200 1=1,2 ‘ COCO006ARD
PGL1)Y = PLLLT) 00000690
PI(I) = PFALT{I,INCR) oQogo700
200 PALLI) = POLT) caQCor10
PRO = PRI . 00000720
PRL = PRFACTUINCR) 00000730
PRA = PRO . 0CCO07T40
ISTEP = O 00000750
BEGIN LOAD STEP 00000760

201 ISTYEP = ISTEP+1 _ a0g0uT?0
NUP = 0 cooQorTRo
LAMR = 1.00-LAM 00060190
SET UPPER SQUND FOR ABSOLUTE VALUE OF LOAD STEP SIZE LAMS,. G0Cc00BQO
LAMS = 1.D0 pocoo810
IF{ILSIGN.LTL.O}LAMS = FLAMAX/LAMR 0ccoos82qQ
CALL PFORCE TO GIVE APPLIED CONSERVATIVE NODAL LOADRS P. Q000830



¥00d ST AOVA TYNIOTHO
GHL 0 ALITIEIONAONIAY

[

oo o

[N aNel

210

230

24]

IF LIMIT POINT WAS TRAVERSED (l.E. LAMS =

CALL EFORCE TO GIVE APPLIED NONCCNSERVATIVE NODAL LOACS Q. €cacCooB40
CALL PFORCE{PLl4PREF,NN,P) 00000850
CALL EFGRCEIIPRESS.PRI.PRREF:QU'NELpNNnNFoELNUyQ) 00000860
COMPUTE LOAC STEP NODAL LOADS. THESE = APPLIED LOAD - INTERNAL 0goaosro
LCAD FCR SPECIFIED FCRCE DCF, APPLIED CISPLACEMENT - CURRENT cccoosso
DISPLACEMENT FOR SPECIFIED DISPLACEMENT DOF. 00000890
LO 210 I=14NN 00000900
IFIKFOUI}GTL0)C = PUI) + Q{I) - PP(D) ¢0C00910
FR{KFDUI)LLT,0)C = PLI) -~ GQQII) 00000920
PI1) = C 00000930
FORM JACOBIAN AT BEGINNING OF LOAD STEP. C0CC0940
CALL MERGE (KMATELNOsKFDyNEL 4NNy NF} 0C000950
CALL DECOMP{KMAT yNN,KFD,IDET,DET) 00000960
FUNDAMENTAL PATH PREDICTGR CODE 6CC0097Q
IFCIPRED(INCRY.GEL2)GC TO 241 00000980
APPLY LINEAR PREDICTOR FOR LOAD STEP 00000990
CALL SOLVE(KMAT ¢NN,KFD+P,Q) cogQolo000
LAMS = LSIGN*LAMS €0001010
DO 230 I=1.NN 00001020
QUEI) = LAaMS=*QII) 00001030
GC TQ 301 0C001040
APPLY QUADRATIC PREDICTOR FOR LOAD STEP 00001050
CaiLt RATES{KMATsPDUMrNNqKFDoP.PRA.PRI.LSIGN:RL:RRL;RQ'RRQ) 00001060
RJUMP = JUMPR/LAMR 00001070
caLt STEP{LSIGNvRL;RRL-NN'RQ'RRQvRJUMP.MJUMP,NJUMP,SLDPED. €Cgooloso
1PATH, LAMS) 00001090

0) QUTPUT LIMIT RESULTYTS.0C001100

IF(LAMS.EQ.Q.DO) ¢oaoo1110
1CALL UUTLIM(6,NOD,NEL,NNpNFyELNO.EGEGN'EETgCConQ,DFF- 00001120
ZRLyRRLyRQIRRQ,LAM,LAMR) 00001130

#*t###t######*#*###*#*########t*####*#**#**##*#######t##**#t*####*GOOOI 140
‘**1‘*************‘*****************‘**‘***************************00001 150

THIS SECYION OF CODE 1S TEMPQORY POSTBUCKLING CHECKDUT CODE. 00001160
INTEGER BCOOE.PCODE,IPOST, ITPUST co001170
CCUBLE PRECISION SCRIT,LCRIT,LDUTIpLDGTZvQQDCTl(78)vQQDDT2178). co001180
1LPUSTI¢LPDST2:QGPUSIITSIvGGPDSZITBJoCQPGS3(?8);GQCRIT(TB} 00001190
DCUBLLE PRECISION POUMZ2(T78),P0UM3I(T78),PLUML(T8) 00001200

SET BCOBE=1 YO GET
ALSO SETV PCODE=1 TQ
BCODE = Q

NONLINEAR EIGEN SOLUTION FOR BIFURCATION POINT.00001210
GET ADDITIONAL PCSTBUCKLING PATH SCLUTION. 0CQ0al220
' QQ001230



265

270

268
271

212

PCCDE = 1

IF(BCODELEQ.CQIGO TC 279

CALL EIGEN{UDUY,KMAT ,POUM+Q 4NN, KFD,PRAZPR]IWRL,RRL,RQ,RRQ,
25915914029 1.0-5+SCRIT,QUPQOSLLIPCST)
CALL QUTPQIUOUT NOO,NF,QQPCS1.QQP0OS])
LCRIT = RL*SCRIT + S50D0#RRLESCRIT*%2
IF{PCODEL.EQ.CIGO TO 279

PERFCRM POSTBUCKLING SCLUTIDON

LCRIT RL*SCRIT

LDOT1 = RL

LoOTZ = 0.DO

DC 265 [=1+NN

"

QCCRIT{I}) = QQUI) + RQ(II*SCRIT
QQLAOTLI{TI) = RQ(I)
QQDdoT2(1) = C0.00

IF{IPREDIINCRILLTY.Z2IGO TO 271

LCRIT = LCRIT + .5DO*RRL*SCRIT#%2
LCOTL = LDOY1 + RRL*SCRIY
LEOTZ2 = RRL

DO 270 I=1,NN

CCCRITII) = CQURITH(I) + .SOC*RAQEII*SCRITE*2

CQDOTL(E) = QQDOTLI(I) + RRQII)%SCRIT

GQoOT2¢1I) = RRQ(I)

CALL CUTPQIUDUT +NOCNF,.QGCROTL1,GQ00T2)

CC 268 I=1l.NN

C = QQU1H

QC(I)} = QQCRITI{I)

CCCRITLI)Y = €

CALL MERGE{KMAT L ELNOJKFD,NEL,NNyNF)}

DO 272 I=14+NN

C = Qgtn

CC{I) = QQCRITI(I}

CQCRITI(I) = C

IIPOST = KFD(IPOST)

KFDLIPOSTY = =1POST

CALL OECOMP(KMAT 4NN,KFC4 IDET,DET)

CALL PRATESI(KMAT,POUM,PDUMZ «PDUM3,PDUMSG JNN, IPOST «KFD,SCRIT,
LCGCRIT,QQDCT1,,CQDOT2+LCRITLEOTL4LDOT2,PROLPRA,
2CQP0S1,LPOSTL,QQPQS2,.LPOST2,QQP0OS3)

CALL CQUTPCIUDUT oNODNF,GUCRIT,,CQPGSL)

0CCGl240
00001250
00001260
00001270
€0001280
00001290
000G 1300
00001310
00001320
00001330
00001340
00001350
00061360
0001370
coo01380
00001390
00001400
¢o001410
00001420
00001430
(0001440
GCC01450
00001460
00col1470
0C001480
00001490
00001500
ccoois510
Go0o0l1520
00001530
00C01540
00001550
00001560
0CGO1570
00001580
00001590
0CGG16C0
0C001610
C0001620
€CC00i630
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i

9-0

OO

219

280

301

305

310

311

401

410
451

460

CALL OUTPQ(UOUT ,NOD,NF,QQP0OS2,QQP0OS3)
KFOCTPOST) = 11POST

4‘#*######t#*###t*#*#*#***t#t####t#*#*######*####t#*###*##*###*##*
#t#*‘#*####*##*#**####*#**###*#*t*###*########**##i###**#########*

PATH CONTINUATION CODE
CONTINUE
DG 280 I=1,NN
QUI) = PATH#¥RQ(I) + .S5CUSPATHS®24RRQ{])
ACD STEP LOAD LAMS YO INCREMENT LOAD SUM LAM
LAMS = LAMS*LAMR
LAM = L AM + LAMS
DO 305 (=1,2
PALE) = PO(L) + LAME(PI(I)-POL]))
CALL PFORCE{(PA,PREF,NN,P)
BC 310 I=14NN

IFIKFO( ) .6T.00QQ01) = GQ(I) + QUI)
FF(KFD{I1aLTL0)QQ(I) = P{I)
CONTINUE

PRA = PRO + LAMZ{PR1-PRO)

ITER = O

GG TC 451

BEGIN ITERATION iCCP
ITER = [TER+1
IFCITER.GT.1)GO 7O 401
FORM JACOBIAN AT APPROXIMATE END OF STEP
CALL MERGE (KMAT4ELNCsKFD,NEL yNN,NF)
CALL DECOMP{KMAT ,NN,KFD, [DET,DET)
CALL SOLVE(KMAT ,NNKFD,P,Q}
UPDATE INTERNAL FORCES PP AND DISPLACEMENTS Cd.
CCMPUTE APPLIED EXTERNAL LOADS (CONSERVATIVE P+ NONCCONSERVATIVE (}
DC 410 I=1.NN
QQil) = Qa(1) + Q()
CALL FORCE{NEL 4NN NF,ELNOsDFF,GQQ.PP)
CALL PFORCE(PA,PREFNN,P)
CaLL EFDRCEIIPRESSvPRA.PRREFnQQ-NEL.hN,NF,ELNO,Q)
GO 460 I=1,NN
C = 0.00
IF{KFD{1).GY.0)C =
P{L) = C
CALL ERCOMP{UQUT WNNsKFD,PP,P,ERR]

PLI) + Q(I) - PP(I)

0CCO1640
60001650
00001660
00001670
00001680
00001690
00001700
00001710
00001720
00001730
0CCO1740
000461750
00001760
ggQol1r70
00001780
00001790
00001800
cgoclisio
€0001820
00001830
0CC001840
00001850
00001860
00001870
00001880
000014890
00001900
00Q01910
00001920
00001930
00001940
00001950
00001960
00C01910
cQgo1980
00001990
00002000
00002010
00002020
¢Q002030



C

C

LND IVYERATION LCOP
IF(ERRLLE.ERRMAX)IGO TO 901
IFCITERLLTLMAXITIGO TO 311
IF THIS POINT IS REACHEC, MAX. NC. ITERATIONS UCCUR
IFINUP.GE.MAXUPIGO TO 901
NUP = NUP+1
ITER = 0
GO TC 311
QUTPUT INCREMENTAL STEP RESULTS

901 CALL HEAD{UQUT,INCR,ISTEP,LAMS,LAM,PFACT(1,INCR)} PFACT(24INCR),

1PRFACTIINCR) ,IPRED{INCR) 4 MAXUPyNUPyMAXITITER,ERRMAX,ERR)
CALL QUTPQIUOUT ¢NODeNF,PP,CQG)
CALL STRAIN(NELJELNOJEGEGM NF,GCQ,EET)
CALL OUTE{UOUT,NEL,EET)
END LOAD STYEP
IF{LAM_ LT LAMINIGO TO 1
IF(LAM.LT..999C0)G0 TO 201
TF{UCUTRS.EQ.OJGC TO 1CQ00
WRITE INCREMENTAL RESTART TAPE
CALL BIGS{3,UCUTRS,INCR, [PRESS ¢+NF ¢4NMAT E,NU,
ICCORDASNOD ¢NEL ¢ CCORD +GUCS s IMAT ¢ Ty EINOL,EGEOMKFD+PREF . PRREF,
2LSIGN.PP,QQ.P1,PRI1)

10600 CONTINUE

END LOAD INCREMENT LOOP
GC TC 1
END

SUBROUTINE BIGSIKODEILeI2)[PRESS,NFNMAT,E4NU,
1CCORDANOD+NEL +CODRD 4 GCOS+IMAT, TH,ELNG,EGEOM, KFD+ PREF 4 PRREF
ZLSIGN,PP,QQ4P1,4PR]L) ,

KCOE = 14243 = INITIALIZEs READ RESTART, WRITE RESTART.

Il = INPUT OR RESTART INPUT-CUTPUT FILE UNIT NUMBER.

[2 = QUTPUT FILE UNIT NUMBER, CUR INCREMENT NUMBER FOR RESTART.

IPRESS = NUNCONSERVATIVE CODE = 0.1 FOR NO PRESSURE,PRESSURE.

NF = NUMBER OF FREEDOMS PER NODE.

NMAT = NUMBER OF MATERTIALS.

EeNU = MATERJAL CONSTANTS (E.G. ELASTIC MODULUS,POISSCN'S RATIO).

CCORDA({I) = ANGLE FOR SPECIAL CCCRDINATE SYSTEM 1.
NOD,NEL = NUMBER OF NOCES.ELEMENTS,

0002040
00002056
00002060
¢oco20710
00002080
00002090
00002100
00002110
00002120
00002130
CCCo2140
000062150
0Coc2160
coQoz1re
goQo2180
0QQ02190
00002200
00002210
00002220
€0002230
00002240
00002250
00002260
gcoo2ero
00002280
00002290

00002300
00062310
6GCc02320
00002330
00002340
GC0oG2350
0C002360
cgQ002370
00002380
c0002390
00002400
00002410



C CCORD(Js 1) = CCORCINATES CF NCDE I. CC002420

c GCOS{Jy1) = DIRECTION COSINES FOR NCDE 1I. CCC02430

C IMAT(1) = MATERIAL NUMBER FOR ELEMENT i. 00002440

C T¢I} = THICKNESS OF ELEMENT I. 00002450

C ELNO(J,I) = NODE NUMBERS FOR ELEMENT 1. 00002460

C EGEOM(Js1) = GEOMETRY FOR ELEMENT [ (BASE,HEIGHT,PART BASE). 00002470

C KFOUT) = FORCE-DISPLACEMENT-CONSTRAINT SPECIFICATION FOR DOF 1. 00002480

C PREF{J,1) = NODAL LDAD AT QOUF I FOR LOAC REFERECNE VECTOR J. CC002490

C PRREF(I) = INTENSITY ON ELEMENT [ FOR PRESSURE REFERENCE VECTOR. 00002500

C LSIGN = +,- IF LOAD PARAMETER 1S INCREASING,DECREASING. 00002510

C PP(I)} = CURRENT INTERNAL NCDAL FCRCE AT COF {. CCC02520

c CGlI) = CURRENT NODAL DISPLACEMENT AT DOF |. 00002530

C Pl{J) = LOAD FACTOR TU BE APPLIEC 7O PREF(J,1). 00062540

C PR1 = LOAD FACTCR TO BE APPLIEC TO PRREF(I). 00002550
INTEGER KODEs 11,12, IPRESSyNFyNMAT ,NODyNELy IMAT(L},ELNCI3,1),KFD{1)0C002560

CCUBLE PRECISION E(1)4NU(1),COORDA(1),CCORDY3,1),6CCS{9,1), 00002570

LTU1) 2 EGEOM(3,1) 4 PREF(2, 1) PRREF{1)+LSIGN,PP(1),QQ(1},P1(1),PR] 0002580
EQUIVALENCE (J1,UINyUINRS,LUOUTRS),{J2,U0UT, INCR) 00002590

INTEGER JLsUIN,UINRS,UCUTRS,J2,UCUT, INCR 00002600

a INTEGER INC I +JsNN 00002610
C® CCUBLE PRECISION THICK 00002620
“Jd1 o= 11 00002630

J2 = 2 00002640
IF(KODE.NE.1)GO TO 101 00002650

C INITIALIZE VARIABLES CC002660

9 CALL REACL(UIN,UOUT »IPRESS 4NF,THICK,NMAT 4 E4NU ) 00002670
g CALL READCUUIN,UQUT,CUORDA) \ 00002680
= CALL REACM{UIN,UOUT,NOD+NEL,COORDA,COORD,GCOS, €0002690
S 1EMAT,THICK s TyELNGEGECN) 60062700
< CALL READK(UIN,UQUT yNOD(NE,KFD]) 00002710
w0 g CALL REAGP{UIN,UOUT NODyNF ,KFD,PREF) 00002720
> [FUIPRESS.GT.OICALL READPR(UIN,UQOUT,NEL 4 PRREF) 00002730
ﬁ}g% LSIGN = 1.D0 00002740
P NN = NOD®NF 00002750
=) GC 50 I=1,NN 00002760
= PPLI) = 0.DO 00002770
Eg 50 QU{IY = 0.D0 00002780

\ LG 60 121,2 00002790
‘ 60 P1(I) = 0.00 00002800

PR1 = 0.DO 00002810



OO0 O0

RETURN

101 IF(XODE.NE.Z2)G0 TO 201

151

i61l

201

251

101

READ VARIABLES FROM RESTART TAPE
READIUINRSJIPRESSeNF NMAT ,(ELT Y 4NUIL)I=1,NMAT},
INODyNELf{CCORC Iy [} ed=1s3), (GCOS(Ie1)pd=1sTF)eI=1NCED),

2OIMAT(I) o THI) ¢ {ELNGL IS 1) JEGECMUI 41 )4 J=1,43)PRREF(1),1=1sNEL)

NN = NOD®NF
READIUINRSI{KFOUL) o (PREF{J4I)eJ=142) ¢ I=14NN)
READ{UINRS)INC

IF(INC.EQ.INCRIGD 1O 161

READ(UINRS)

GC TO 151
READIUINRSILSIGN) [PPLI}CQU1) 4 I=1,NN){PLLI)yI=1,2),PRI1
REWIND UINRS

RETURN

IF(KODE .NE.3)RETURN

WRITE VARIABLES UNTQ RESTART TAPE

IF(INCR.GT.0}GO TO 251
WRITEC(UOUTRSJIPRESS NFoNMATH (ELT )}« NUCTI)+I=14NMAT),
LNCDWNEL» ((COORD{J 11 9J=1+30,(0GCOSTIs1)od=149)41=1,NCD},

ZUIMATLI ) o TUI Y o (ELNO(J 1) EGECMIUs 1) J0=143)+PRREF(I),I=14NEL}

NN = NOD#®NF
WRITE{UOUTRS)IIKFDUIY o (PREF(JyI)sd=142)¢I=14NN)
WRITE{UOUTRS}INCR

WRITE(UBUTRSILSEGN (PPLL)+CQQIT}oI=LeNN)}(PLL{T)y1=1,2)4PR]
RETURN

END

SUBRDUTINE READRS{UINL UIN2,UCUT,INCR,UINRS;UQUTRS}
READ DATA FILE NUMBERS AND START-RESTART CODES.
UINL,UIN2 = FILE UNIT NUMBER FOR INPUT DATA TYPE I,I1.
UOUY = FILE UNIT NUMBER FOR QUTPUT DATA.

INCR = LOAD INCREMENT NUMBER FROM END OF WHICH RESTART IS MADE.

UINRS = INPUT RESTART TAPE UNIT NUMBER,
UCUTRS = QUTPUT RESTART TAPE UNIT NUMBER.
INTEGER UINL,UINZUDUT,INCR,UINRS,UDUTRS
INTEGER START,STARLREST

FORMAT{AL,6X,615)

201 FORMAT(IHL,*STARTING PRCBLEM')

cc0c2820
00002830
00002840
0C002850
00002860
ago02870
00002880
00002890
G0002900
0€002910
€0002920
00002930
00002940
00C02950
0€C02960
00002970
00002980
00002990
gcQao3000
00C03010
00003020
00003030
00003040
00003050
€CQC03060
00003070
00003080

GC003090
€CCco03100
00003110
¢0003120
00003130
0C00C3140
00003150
cC003160
00003170
c0003180
00003190
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202

21

FORMAT(LHL1,"RESTARTING PROBLEM FRQWM END CF LOAD INCREMENT?',I5) cCoo032¢0
DATA STAR/*STAR®/,REST/*RESTY/ co003210
READlS.101)START'UINI.UINZ,UDUYoINCR.UINRS'UGUTRS 0GQ03220
IF(START.NE-STAR.AND.START.NE.REST}STDP 9999 €000323¢
IFIUIN2.LE.0.OR.UQUT.LELO)STOP 10l 0C003240
IFISTART.NE.STARIGO TG 21 06003250
CCLD STARY REQUESTED 00003260
[FLUINL.LELO}STOP 101 00003270
WRITE(&,201) 00003280
UINRS = 0 00003290
RETURN ‘ €C003300
RESTART REQUESTED 00003310
IF{UINRS.LE.Q)STOP 101 00003320
KRRITE(6,202)INCR ' ' ' 0CC0333¢0
RETURN 00003340
END ‘ 00003350
SUBROUTINE READO{UI'UB.URD.PREDoMAXUPoMAXITpERRMAXo CFE,DFF, 00003360
LMJUMP y JUMPR s SLOPED »FLAMAX , LAMIN) €0003370
READ PROBLEM ICENTIFICATIUN AND INCREMENTAL-ITERATIVE CCNSTANTS. co0003380
UL,UO = INPUT,OUTPUT FILE UNIT NUVMBERS. CCCo339¢0
ORD = MAXIMUM TENSCR ORDER TO BE USED FOR STRESS—-STRAIN £XPANSIOUN.00003400
PRED = DEFAULT SOLUTION PREDICTOR CROER. 00003410
MAXUP = MAXIMUM NUMBER OF JACOBIAN UPDATES PER LCAC STEP, C0003420
MAXIT = MAXIMUM NUMBER CF RESIDUAL-LOAD ITERATIONS PER UPDATE. 00003430
ERRMAX = MAXIMUM ALLOWABLE ERROR NORM. ’ : 0CC03440
EFEsDFF = FINITE CIFFERENCE STEP SIZES TC BE USED IN CCMPUTING 040003450
STRESS-STRAIN TENSORS,FORCES. C0003460
MJUMP = NUMBER OF INCREMENT DIVISIONS TO PERFORM WHEN NEARING A 00CU3470
LIMIT POINT. €CCO03480
JUMPR = FRACTION OF LOAD INCREMENT PRECEDING LIMIT POINT : 00003490
AT WHICH LIMIT IS5 TO BE TRAVERSED. 00003500

SLOPED = MAXIMUM SLOPE RATIO {CHANGE/AVERAGE)} DURING LCAD STEP. 06003510
FLAMAX = MAXIMUM FRACTICN OF LOAD INCREMENT TC BE TAKEN DURING €C003520

"NEGATIVE LOADING (AFTER MAXI[MIM LIMIT POINT) . 00003530
LAMIN = MINIMUM [NEGATIVE) FRACTION OF LGAD INCREMENT AT WHICH 00003540

ANALYSIS IS TERMINATEDL (AFTER MAX[MUM LIMIT POINT). €C0a3550
INTEGER UT+UC+CRD,,PRED,MAXUP yMAXI T, MJUMP 00003560

DOUBLE PRECISION ERRHAX'DFE|DFFnJUMPReSLDPED;FLAMAX.LAMlH ' 00003570



it-2

INTEGER 1,BLANK, IDENT(20)
101 FCRMAT(20A4)
102 FORMAT(4110,F10.0)
103 FORMATIZ2F10.0)
104 FORMAT(110,4F10.,0)
201 FORMAT{1HO,20A4)
202 FORMAT(/1H ,*TENSCR DRDER =',[5/1H ,*PREDICTCR TYPE =',15/
11H s *MAXIMUM JACOBIAN UPDATES PER STEP =14,15/
21F »"MAXIMUM RESIDUAL LCAD CORRECTIVE ITERATIONS =',15/
31H ("MAXIMUM ERROR NORM =',E12.5)
203 FORMAT(/1H +'0FE =%,E12.5/1H +'0OFF =',E12.5)
204 FORMAT(/1H o'MJUMP =',15/1H ,"JUMPR =1,E12.5/
LIH 4 *SLOPED =%,E12.5/1H »*FLAMAX =%',E12.5/1H o'LAMIN =',E12.5)
CATA BLANK/® vs
READ(UILIOL){IDENT(1),1=1,20)
WRITE{(UOQ,201)}{IDENT(1},1=1,20)
READ{UI102)0RD,PRED,MAXUP,MAX]I T4ERRMAX
IF(ORDLEQ.QIORD = 3
IF(PRED.EQ.O)PRED = 2
IFIMAXUP.EQ.O)MAXUP 0
TF{MAXITLEQ.QIMAXET 5
IFLERRMAX.EQG.O0.DO)ERRMAX = 1.D-8
WRITE(UD,202)0RD,,PRED,MAXUP,MAXIT,ERRMAX
READ(UI+103)DFE,DFF
IF{DFE.EQ.0.DD)DFE
IF{OFF.EQ.0.DO)DFF
WRITE{UD,203)DFE,DFF
REAC{UL, 104 )MIUMP, JUMPR, SLDPED'FLANAX LAMIN
IF(MJUMP.EQ.OIMJUMP = 3
IFIJUMPRL.EQ.D0.00)JUMPR = 0.100
IF{SLOPED.EQ.0.D0)SLOPED G.500
IF{FLAMAX.EQ.0.00)FLAMAX 1.D00
IFILAMINLEQ.OCL.DO)LAMIN = (0.D0
WRITE{UD 204 MIUMP , JUMPR,SLCPEDFLAMAX,LAMIN g
RETURN
END

1.0-3
1.0-8

SUBRCUTINE READLIIUI,UC,IPRESSsNF,THICK,NMAT,E,NU)
READ BASIC CODES AND CCNSTANTS.

0C003580
00003590
00003600
00603610
00003620
G0Co3630
00003640
00C03650
00003660
00003670
0C003680
GA003690
00003700
00003710
00C03720
00003730
g0c03740
00003750
460003760
06003770
§G6003780
00003790
00003800
00003810
00003820
00Q03830
00003840
0003850
00003860
cooc3s7o
00003880
00003890
00003900
00003910
€0C03920
00003930

C00013940
00003950
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w00 S GOV TYNIOIE0
AL 0 AIFTISIONA0¥dTY

GO0 0O

Ui,ul = INPUT,OQUTPUT FILE UNIT NUMBERS.

IPRESS = NONCONSERVATIVE CODE = 0,1 FOR ND PRESSURE:PRESSURE.

NF = NUMBER OF FREEDOMS PER NODE.
THICK = DEFAULY ELEMENT THICKNESS.
NMAT = NUMBER OF MATERIALS.

EyNU = MATERIAL CONSTANTS (E.G. ELASTIC MODULUS,POISSON®S RATIO).

INTEGER UL UQyIPRESS,NF4NMAT
ODCUBLE PRECISION THICK,E(l},NU(1)
DCUBLE PRECISION Cl,C2

INTEGER M,NI1

101 FORMAT{Z2I110,F10.0}

102 FORMAT(110,2F10.0}
201 FORMAT{LHO,'PRESSURE CODE =*,I5/1H ,

202 FORMAT(/1H ,'MATERIAL
203 FORMATULIH 415+5X9E12.5¢1X4E12.5)

40

45

51

1/1H '"DEFAULY THICKNESS ='v,E12.%)
CONSTANT

READ(UIL,101)IPRESSNF, THICK
IF(NF.EQ.OGINF = 3

IFITHICK .EQ.0.D0)THICK = 1,D0
WRITE{UQ,201)IPRESSINFTHICK
WRITE(UC,202)

NMAT = (

READ{UI,102)1,C1,C2
[F{T.LE.O)RETURN
WRITE(UO,203)1,C1,(2

"TF(1.LE.NMAT)IGO TO 51

N1 = NMAT+1
CC 45 M=N1,I

E{¥} = 0.00
NU{M} = 0.00
NMAT = [
E(l) = C1
NU(l) = C2
GO TO 40

END

SUBRCUTINE REACCH{UI,UO,CCOROA)Y

‘READ SPECIAL CARTESIAN CCORDINATE SYSTEMS.

UI,U0 = EINPUT,OUTPUT FILE UNIT NUMBERS.

"COF PER NODE =1',15

CONSTANT®)

00003960

0C003970 -
00003980
00003990
00004000
00004010
00004020
0CC04030
00004040
00004050
CCC04060
00004070

- 00004080

00004090
CCO0C4100"
00004110
00004120
00004130
00004140
00004150
60004160
00004170
00004180
00004190
00004200
00004210
00004220
00004230
00004240
00004250
00004260
00004270
00004280
0GC04290
00004300

C0004310
00004320
00004330



£T-0

oGO0 On

CCORDALTL) =
INTEGER UI,UOQ

CCUBLE PRECISION COORDAC(1)

INTEGER 1

DCUBLE PRECISION ANGLE,F

ANGLE FOR SPECTAL COCRDINATE SYSTEM 1.

101 FORMATI{]II04+F10.0)
201 FOCRMAT(//1H1,*CARTESIAN COORDINATE SYSTEMS DEFINED*/
X=AXIS ANGLE?')

202 FCORMAT(1H

11¢

+ "NUMBER

t 155X, Fl0.4)

F = 3.14159265358979300/180.00
WRITE(UC,201)
DO 5 I=1+5
COORDA(IL) =
READ(UT»101) 1 .ANGLE
[FIT.LE.Q)RETURN

WRITE(UG,202)14ANGLE

CODROA(]I) =
6C TC 10

END

0.00

ANGLE*F

SUBROUTINE READMIUI,UG+NOD,NEL,CCCRDA,CCCRD,GCOS,

LIMAY 2 THICK T 4ELNO,EGEQOM)

READ MESH DATA.

Ui UC =

NCD

INPUT.0UTPUT FILE UNIT NUMBERS.

+NEL = NUMBER OF NODES,ELEMENTS.

CCORDA(IL) =
CCCROD{J 1)
GCOS(JdeI) =

[#AT{}) = MATERIAL NUMBER
THICK = DEFAULT THICKNESS.

T(1

ANGLE FOR SPECIAL COORDINATE SYSTEM I.
= COORCINATES FOR NODE I.
DIRECTION CCSINES FOR NODE 1.

FOR ELEMENT |,

} = THICKNESS OF ELEMENT 1.

ELNOQLJ, 1) =

EGEQOM{J, 1) = GEOMETRY FOR ELEMENT I

NODE NUMBERS FOR ELEMENT 1.

(BASE,HEIGHT .PART BASE).

INFEGER UI+UCQWNOD,NEL,IMAT(Y),ELNC(3,1)

CCUBLE PRECISION COORDA(L),CCORDI(3,1)THICKVLENTH,VROT
OCUBLE PRECISICN GCOS(3+3,1)1,EGEOM(3,1),7(1)

INTEGER 1,J,MyLCCCRD,OCO0RDN14yN24sN3

CCUBLE PRECISION FoANGLE o X oY Z Ry TTyByBlyHyL314A4V21(3),V31(3)
101 FORMAT(2E5,3F10.04+15)

CC004340
00004350
00004360
00004370
00004380
60064390
00004400
00004410
00004420
00004430
CCC04440
00004450
00004460
JCC044T0
00004480
00004490
00004500
0C004510
00004520

00045390
00064540
00004550
00004560
00004570
C0004580
0C004530
00004600
0004610
CC004620
00004630
00004640
00004650
0CCO4660
00Qo4eslo
00C04680
00004690
00C04700
00004710
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102 FORMAT{215,F10.0,315) :
201 FORMAT{1HL,'*%x NODE %*%*/]H +* NO [«D. LCOCRD X {(R)?,
LT1XetY (THETA) Z DCOGRDY)
202 FORMATI(1H y215'1!,[5,2X:E12-5,1X,E12.5'IX.EIE.SQZK.IS)
203 FCRMAT(1H1,*' TELEMENT 1/
11K o' NO [.D. MATERIAL THICKNESS® 44X,
2'NOCE 1 NOOE 2 NODE 3 AREA"')
204 FORMAT{1H .ZiS'SX.IS’5x.E12.4'3X'IS.SX'IS.SX,IS'SX,E12.4)
F = 3,.14159265358979300/180.00
WRITE(UQ,201)
NCD = O
6 READ(UI101)I,LCO0RDyXsY¥ 42 ,DCCORD
IF{1.LE.Q)}GO TO 150
NQD = NOD+1
WRITEIUO'ZOZ)NQDQ[rLCUCRUr!gY;l;DCCQRD
COOROD(3,NCD) = Z
IF(LCOORD.EQ.OIGO TO 7
ANGLE = Yx=F
Y = X®DSIN(ANGLE)
X = X*DCOS{ANGLE)
T CCORD(L14NOD) = X
CCCRDU24NDD)Y = Y
IF{DCOORD-1113,12,11
11 ANGLE = COORDA{(DCOURD)
GCOS(l.14NCD) DCOS{ANGLE)
GCBS(1,2,N0D) DSTIN{ANGLE)
GO TC 100
12 R = DSQRT(X*%2 + y#x2)
[F(R.EQ.0.DO)GD T 13
GCOS{1,1,NOD) = X/R

H

not

GCOS(14+24N0D) Y/R
GO TQ 1C0
13 GCOS{le14NCD) 1.D00
GCOS(1,2,NDD)Y 0.00
100 GCOS{1s3,NOD) Q.00

GCOS1{24 1 ,NDD) =GCOS{L,2,NCD)

LI T T | S T S | I 1]

GCOS(24+2.N0D) GCOS(1,1,N0D)
GCOS1243,.NCD) Q.00
GCOS{3,1,NOD) 0.D0
GCOS{3,2,NDD) G.00Q

00004720
0CC04730
00004740
0CC04750
00004760
00004770
00004780
0€004790
00004800
00004810
00004820
00004830
00004840
06004850
C0004860
00004870
00004880
00004890
00004900
00004910
00004920
60004930 -
00004940
00004950
C0004960
00004970
00004980
00004990
00005000
00005010
00005020
00005030
00005040
00€05050
00005060
00605070
0C005080
00005090
00005100
00005310
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150

151

174

200

250

101

GCOS{343,N0D) = 1.D0

GC Y0 6

WRITE(UG,203)

NEL = 0

READ{UTI S 102) 1 +MyTT, NI, N2,N3
IFII.LE.Q)GO TO 250
IFITTLEQ.0.DOITT = THICK

NEL = NEL+]

IMAT{NEL) = M

TINEL) =TT

EQ LT0 J=1,3

valited) CCORD({JNZ2) - CCORD{J4ND)
¥314J) COCRD(JenN3) - CCORDIJ,NL)
B = VLENTH{VZ21])

L3I = VLENTHIV3])

BiI = vDOoT{v21,v31}1/8

H = DSQRT{L31%%2 ~- Bl%%2)

A& = 5D0%[*H

H

EGECM{1,NEL) = B
EGEOM{2,NEL) = H
EGEOM{3,NEL) = 81

WRITE(UO 204 INELy IsMyTToNL,N2,N3,A
ELNOCL,NEL) = NI

ELNO(2,NEL) = N2
ELNO{3,NEL) = N3
GO T0 151

RETURN

END

SUBROUTINE READKIUI,UDNOD(NF,KFD)

READ SPECIFIED FCRCE-DISPLACEMENT-CONSTRAINT DEGREES OF FREEDOM.
UI,UQ = INPUT,.OUTPUT FILE UNIT NUMBERS.

NCO = NUMBER OF NOODES.
NF = NUMBER OF FRECDOMS PER NODE.

KFO({I) = FORDE-DISPLACEMENT-CONSTRAINT SPECIFICATIUN FOR DOF 1.

INTEGER UL UC+NODWNF,KFC(1)

INTEGER ISTOR(4),JSTOR(4)+KSTOR{4),LSTOR(4)

INTEGER [y9JyKyLyMsNNyJLEC,LLCOC
FORMAT(4{4I5))

€0005120
0G005130
00005140
00CO05150
CCOU5160
00005170
00005180
€CQGs5190
6C005200
00005210
€oCos220
C0005230
00005240
06005250
00005260
00005270
00005280
€0005290
00005300
00005310
00005320
00005330
0005340
€0C053590
00005360
00005370
00005380
00005390

€CQ005400
00005410
00005420
00005430
€C0005440
00005450
CCCO05460
0CCO5470
C0005480
00005490
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201 FORMAT(//IHL1,"SPECIFIED FORCE~CISPLACEMENT-CONSTRAINT COF? CCO055Q0
1/1H +"NODE 1.Ds COMPONENT NCDE 1.D. CCMPONENT?) C0G05510
202 FCRMATULIH 21546X415,6X415,6X,15) QCcoss2o
i NN = NOD®NF 00005530
WRITE(UD,201) 00005540
SET CEFAULT CODES TO SPECIFIED FORCE. Q0005550

DO % I=14NN 00005560

5 KFQ(I) = 1 0900055710
10 READ(UTs101) (ISTOR(K) s JSTOR(K) yKSTCOR{K]} yLSTOR{K) ¢K=1 44} Q0005580
DC 12 M=1,4 00005590
IF{ISTORIMI.NELOIGD TO 13 00005600

12 CCNTINUE 0C005610
. GO TG 51 00005620
13 DO 20 M=1,4 g0005%630
I = ISTOR{(M} 0CCD5640
[F{I.LE.O)GO TO 20 0005650

J = JSTORIM) 00005660

K = KSTOR{M) 00005670

L = LSTORIM) 00005680
WRITEIUD 2021 sd ksl 00005690
IF(K.EQ.QIK = 1 QCQO%7CO
IF(L.EQ.QO)L = ~J GO0QO0s5T10
JLOC = NF#2([-1) + J 00005720
LLoC = L C0005730
IF(LLTLO)LLOC = -L Q0005740
LLOC = NF*{K-1) + LLOC 00C05750
IFIL.LY.O)LLOC = ~LLCC 00005760
KFDIJLOC) = LLOC 00GC05770

20 CCNTINUE 00005780
GC 1O 10 g0005790

51 RETURN 0C00S58L0
END 00005810
SUBROUTINE READP{UI+UO,NOD,NF4KFD,PREF) €0005820
READ LOAD REFERENCE CURVES. 00005830
LI,UC = INPUT,OUTPUT FILE UNIT NUMBERS. 00005840
NCD = NUMBER (OF NCOES. 00005850

NF = NUMBER OF FREEDCMS PER NODE. 00005860

KFO{I) = FORCE-DISPLACEMENT-CONSTRAINT SPECIFICATION FOR-DOF I.. CO000S87C
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101
102
201
202

203

12

15

i3

20

100

PREF(Jys 1) = NOCAL LUAD ATV OCF I FCR LCAD REFERENCE VECTOR J.

INTEGER UI UDWNOD NF KFD(1)

DCUBLE PRECISION PREF({ 2.1}

INVEGER ISTOR(4)JSTOR(4)2ILOADINNsI,J,K,L
OCUBLE PRECISION STOR({4)

FORMAT(]I10)

FORMAT(4(215,F10.0))

FORMAT{1lH1,*NO. OF LOAC REFERENCE CURVES = *,I5)
FORMAT(1HO+*LCAD REFERENCE CURVE NC. ',15/

L1# +* NODE COMPONENT LOADY)

FORMAT(IH +I5,3X,15,£12.5)
NN = NF%NQOD
READIUI+101)INLOAD
WRITE{UQ,201)NLOAD

DC 1C0 1iLDAD=1,NLOAD
WRITE(UQ,202)IL0OAD

DG 5 I=14NN .
PREF(ILOAD,I) = 0.00
READIUT 2 102) (ISTOR(K ) ¢ JSTOR(K) ¢ STCR(K) yK=1,4)
DO 12 K=l.e4
IF{ISTOR{K).NE.O)IGC FO 13
CCNTINUE

DG 15 I=1.NN

J = -KFD{I)
IF[JeGT.0.ANDLJNELTIPREFLILOAD,1) = PREF(ILCAD,J)
CONT INUE

GC TQ 100

DG 20 K=1,44

I = ISYORIK)

IF(1.LE.CGIGD TO 20

J = JSTOR{K) :
WRITEIUO203)14J,STORIK)

L = NF*l{]I-1)+J
PREF({ILOAD,L}Y = STUR{K)
CCNTINUE

GC T0 11

CONTINUE

RETURN

END

GC005880
000605890
00005900
000605510
G0005920
00005930
00005940
£0C05950
00005960
0C005970
6CCO5980

10005990
00006000
00006010
00006020
00006030
00006040
0006050
C0006060
00006070
00006080
00006090
00006100
00006110
00006120
60006130
00006140
00006150
00006160
00006170
00006180
0C006190
00006200
00006210
00006220
00006230
00006240
00006250
00006260
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SUBROUTINE READPR{UI UC,NEL,PRREF) 00006270

SUBROUTINE READI(U[,UUNINCR;PRED, IPRED;PFACT,PRFACT)

READ PRESSURE LOAD REFERENCE CURVE. 00006280
UILyUDQ = INPUT,QUTPUT FILE UNIT NUMBERS. 00006290

NEL = NUMBER OF ELEMENTS. CC006300
PRREF(I) = INTENSITY ON ELEMENT I FOR PRESSURE REFERENCE VECTOR. Q0006210
INTEGER UT,UO,NEL ‘ 00006320
CCUBLE PRECISION PRREFI1) 00006330
INTEGER ISTOR(4),IL0AD,1,K 00006340
DOUBLE PRECEISION STORI(4) ' 00006350

101 FORMAT(110) 00006360
102 FORMATI4(I10+,F10.0)) 000063170
201 FCRMAT(1H1,*NO. OF PRESSURE LOAC REFERENCE CURVES =',[5&) . 00006380
202 FORMAT{1HO,*'PRESSURE LOAD REFERENCE CURVE NO.',I5/ : 00006390
LIH 3 YELEMENT PRESSURE ") 00006400
203 FORMAT(1IH ,1543X,E12.9) 00006410
READ(UIL+1011NLQOAD 00006420
WRITE{UO,201 INLQOAD 00006430

GC 100 [LOAD=1,NLQAD : 00006440
WRITE(UOQ,202)IL0OAD 00006450

DO 5 1=1,NEL 00006460

5 PRREF(I) = 0.00 00006470
11 READ(UT 4y L02) (LISTORIK] ySTOR (K} 4K=1,4) 00006480
0O 12 K=1,4 00006490
IFCISTOR(K).NE.QIGD TU 13 GC006500

12 CONTINUE 00006510
60 TO 100 00006520

13 DC 20 K=1,4 00006530
I = ISTOR(K) : 00006540
IF(I.LE.0)IGO TO 20 00006550
WRITE{UC,203),STOR(K) 00006560
PRREF{I) = STOR(K) C0006570

20 CONTINUE : ‘ 00006580
GG TO 11 00006590

100 CONTINUE ' 00006600
RETURN 00006610

END 00006620

00006630
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READ INCREMENTAL LCAD CATA. 00006640

UL,UQ = INPUT,QUTPUT FILE UNIT NUMBERS. C0006650
NINCR = NUMBER GF LOUAD INCREMENTS. ' 00006660
PRED = DEFAULY SOLUTICON PREDICTOR ORCER. 00006670
IPRED(1) = SOLUTICON PREDICTOR QORDER FCR LOAD [NCREMENT 1. 0C006680

PFACTtJ, 1) = NODAL LOAD FACTCR FOR [NCR. 1| AND REFERENCE VECTOR J.00006690
PRFACT{I) = ELEMENT PRESSURE INTENSITY FACTOR FOR LOAD INCR. I. 00006700

INTEGER UI+UO+NINCR,PRED, IPRED(1) 00006710
‘DCUBLE PRECISION PFACT(2,1),PRFACT(1) 00006720
101 FORMATI(IL10) ¢QQ06730
102 FCRMATII1043F10.0) 00006740
201 FCRMAT(///1H1,'NC. CF LOAD INCREMENTS = ',[5/ 00006750
Llk o *INCREMENT 42X, *PREDICTOR? y2X,"MECHANICAL CURVE FACTORS®, 000061760
16X, *PRESSURE?) 0006770
202 FORMATILH +T1546Xs15+46X9E12.542X4E12.5,2X,C12.5) €0006780
READ{UI, 101 ININCR 00006790
WRITE(UO,201)ININCR 00006800

DC 100 INCR=1,NINCR 00006810
READ{UT«102) IPRED(UINCR) +PFACT(1,INCR),PFACT(2,INCR),PRFACT{INCR} 0C006820
IFIIPREDUINCR).EQ.O)YIPRED{ INCR) = PRED - 00006830
WRITE(UGC,202)INCR,IPRED{INCR) yPFACT(L 4 INCR}PFACT(2,1INCR}, : 00C06840
IPRFACT( INCR) 00006850
100 CCNTINUE 00006860
RETURN : 00006870

END 06006880
SUBROUTINE HEAD{UQ,INCR,ISTEP,LAMSLAMF L F2,FP, . cCco6890
IPRED+MAXUP ¢yNUP MAXITyITER,ERRMAX,ERR} 0006500
WRITE HEADING FOR LOAD INCREMENT STEP. 00006910

Uc = OUTPUYT FILE UNIT NUMBER, QQc06920
INCR = LCAC INCREMENT NUMBER. 00C06930
ISTERP = LOAD STEP NUMBER, 00006940
LAMS = LOAD STEP PARAMETER = FRACTION OF REMAINING LOAD INCREMENT.00Q06950

LAM = TNCREMENTAL LOAD PARAMETER (MAXTMUM VALUE 1.0). 00006960
F1l.F2 = NODAL LOAD FACTORS APPLIED TO REFERENCE VECTORS. 00006970

FP = ELEMENT PRESSURE LOAD FACTOR APPLIEC TO REFERENCE VECTOR. 00006380
PRED = SOLUTICON PREDICYCR QORCER. 0CC06990

MAXUP = SPECIFIEC MAXIMUM NUMBER OF JACOBIAN STIFFNESS UPDATES. 00007000
NUP = NUMBER OF JACOBIAN UPDATES PERFORMED DURING THIS LOAD STEP. QOCCT7010
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MAXIT = MAXIMUM NUMBER COF RESIDUAL-FORCE ITERATIONS PER UPDATE.

- ITER = NUMBER OF ITERATIONS PERFORMED SENCE LAST UPDATE.
ERRMAX = SPECIFIED MAXIMUM RESIDUAL-FCRCE ERRCR NORM,
ERR = ACTUAL ERROR NORM OBTAINED.
INTEGER UO+INCR,ISVEP,PRED+MAXLUPsNUP,MAXIT,ITER
DCUBLE PRECISION LAMS,LAMyF14F2+FP,ERRMAX,ERR
201 FORMAT(LIHL/////1H L 0 A D I NCREMENT,IS,
1%, LOAD STE P'.wI5,
Z/71H " INCREMENTY LOAD PARAMETER =*,E12.5,
3%, STEP LOUAD PARAMETER =',E12.%)
202 FORMAT{//1H +"MECHANICAL LOAD FACTCRS =%42E14.5)
207 FCORMAT(IH L'PRESSURE LGAD FACTOR =%,E14.5)
203 FORMAT{IH ,'PREDICTOR TFTYPE =v,]51}
204 FCRMAT(1H ,'SPECIFIED MAX. ND. JACOBIAN UPDATES =',15,
1%y NC. UPDATES PERFORMED =',15)
205 FORMAT{]1H ,*SPECIFIED MAX. NO. ITERATIONS PER UPDATE =1,15,
1%y NO. ITERATIONS PERFCORMED SINCE LAST UPDATE =1,15)
206 FORMAT(1H ,*SPECIFIFD MAX., RESIDUAL FORCE ERRQOR =1',E12.4,
1y ACTUAL ERROR =9%,El2.4)
WRITEIUG,201)YINCRLISTEPLAM,LAMS
WRITELUQ.202)FL4F2
WRITE(VUD,20T7)FP
WRITE(UD,203)PRED
WRITE(UD,204)MAXUP,NUP
WRITE{UO,205)MAXITLITER
WRITE(UD,206)ERRMAX,ERR
RETURN
ENC

SUBROUTINE OUTLIMAUDyNUOD ¢NEL yNNyNF yELNO L EGECM EET,CQ4P .G DFF,
LRLyRRL+RC,RRQ,LAM, L AMR}

GUTPUT LIMIT POINT DATA.

U0 = CUTPUT FILE UNIT NUMBER.

NCOsNEL = NUMBER OF NOCES,ELEMENTS.

MNgNF = SYSTEM DOF,0OF PER NCDE.

ELNC{Je1} = NODE NUMBERS FOR ELEMENT 1.

EGEOM(J,1) = GEQOMETRIC PROPERTIES FOR ELEMENT 1.

FET{J, 1) = PRECICTED LIMIT STRAINS FOR ELEMENT 1.

CCUE) = CUMULATIVE NODAL OISPLACEMENT FOR DOF 1.

0CC07020
00007030
G0007040
00co7050
00007060
coco7070
00067080
¢0007090
00007100
00007110
00007120
¢0007130
00071490
C0007150
GGCO7160
co0007170
0cco7180
00007190
€0c07200
00007210
00C07220
00007230
00007240
00007250
00007260
00Cco07270
00007280
0CCe7290

0CQ007300
gQoo7310
00007320
¢0Q07330
¢0007340
¢0Cu7350
60007360
00067370
00007380
00C07390
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201 FCRMAT(//1H

10

PeQ =

CFF = FINITE-DIFFERENCE SPACING USED IN COMPUTING FORCES.
ORDER LCAD PARAMETER RATES.
18T42ND ORDER UTSPLACEMENT RATES FOR OGF .
(MAXIMUM VALUE 1.0).

RLJ4RRL = IST,2ND

RGLIL),
LAM =
LAMR =

TEMPCRARY STCRAGE VECTCRS.

RRQ(I) =

INCREMENTAL LOAD PARAMETER
LCAC YET TO BE APPLIEC =

1.0 - LAMo

INTEGER UG +NOD+NEL 4NNyNFL,ELNC{3,1)

CCUBLE PRECISION EGEOM{3,1),EET(3,1},GQ{1),P(1),Q{1),0FF

DCUBLE PRECISION RLWRRLIRQ{1)+RRQ(1},LAM,LAMR
OCUBLE PRECISION SLIM,LAMLIM

LETER

SLIM =
LAMLIM

-RL /RRL
= LAM +

2 "PREDICTED LIMIT POINT
=0 4,E12.5/1H
2'THE FOLLOWING ARE PREDICTED LIMIT FORCES~DISPLACEMENTYS~STRAINS')

(SLIM*RL +

WRITE{UO,201)LAMLIM
DC 10 I=1+NN

1) =

Q{I) & SLIM*RQG(I)} +

OCCURS AT LOAG

«SO0%SLIM*%2%RRL ) *LAMR

«SCO*SLIMR%22RRQ(])

CALL FORCE(NEL NNsNF+ELNC,DFF,Q,P)
CALL QUTPQ{UONODoNF,4P»Q}
CALL STRAIN(NEL+ELNO,EGEOM,NF,Q,EET)
CALL OUTE{UO4NEL,EET)

RETURN
END

SUBRBUTINE QUTPQIUCINODsNF +P,Q)

KRITE YOTAL FORCES AND CISPLACEMENTS.

UC = QUTPUT FILE UNIT NUMBER.

= NUMBER OF NCOUES,DCF PER NODE.

(I} = FORCE,DISPLACEMENT TO BE OUTPUT AT
INTEGER UD,NODNF

ND 4 NF
P{1),Q

DCUBLE PRECISION P(1).+Q(1)

INTEGER 1,.J:K
CCUBLE PRECISICON STCRiE)
201 FORMATI1H1+14X,22{1H%*]),¢

LENTS?Y,2X,23(1H*)/1H
2TXsL3{1H%) !
] ioH ND.

3/1H

1)

Y913 LH%),

DCF 1.

FORCES

0C007400
0QQQ7410
CCCOoT420
00CO0T7430
C0007440
00007450
00007460
00007470
00007480
00007490

INCREMENT PARAMOCCOTSQ0

60007510
06007520
Q0007530
COC07T540
00007550
00007560
00007570
00007580
00QC7590
0go07600
¢ocovelo
00007620
00007630

CCO07640
00007650
Q007660
00007670
GocL 7680
¢Qgcove90
00QoT700
GOOGTT10
€cgoo7720

CUMULATIVE INTERNAL FORCES AND DISPLACEMCQO07730
v V%% NODE %% ,4X,17T(1H%),1
CIESPLACEMENTS
TaDas DXy lHUp 14X s 1HV 14X LHW s 19X 1HU 14X, 1HV 14X, IHW/00007760

*v16(1H*),00007740

€co0Q?7s50

00007770
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202

i0

50
100

201

202

160

FORMAT{LH 4215,2X43E15.7,5X43E15.7)
WRITE{(UD,201) . ‘
DU 10 (=1.6

STAR(1)Y = 0.DO

EC 100 [=1,NCD

CC 50 J=1,NF

K = NF${]I-1)+)

STOR{J) = P(K])

STOR(3+J4) = QiIK)
HRITE‘UUfZOZ‘[![!(STDR(J’!J=lv6)
RETURN '

"END

SUBROUTINE OQUTE(UO,,NEL+ET)
WRITE CUMULATIVE STRAINS ET.
U0 = QUTPUT FILE UNIT NUMBER,
NEL = NUMBER OF ELEMENTS.
ET(J,yI}) =
INTEGER UO,NEL

COUBLE PRECISION ET(3,1)

INTEGER 11,1
FORMATUIHL y YELEMENT Y 43X, 12{1H%),?
1/10 ¢
FCRMATTLH 4 1543Xy2E12.4412X4E12.4)
WRITE(UD,201)

DO 100 I1I=1,NEL
WRITE(UO202)I144ETII4311),8=1,3)
RETURN '

END

SUBROUTINE QFILL (NFLELNC,CC.Q)

-

STRAINS TO BE QUTPUT FCOR ELEMENT 1.

CUMULATIVE STRAINS
NGe® s lOX s ZHXX 10X 4 2HYY 10Xy 2H2Z 3 10X,y 2HXY )

Tel2{1H%),

¢ooor780
00007790
0Cc007800
00007810
aQgoor820
00007830
00007840
00007850
00007860
¢ceoo78T0
0oQo788BO
00C07890Q

00007900
C000791¢
00007920
60007930
00007940
000067950
Q0C07960
cQ007970
0QQa 1980
00007990
00008000
oggosgelo
¢0008020
00008030
00008040

40008050

c0e08cs60

FCRM VELTOR OF ELEMENT DISPLACEMENTS Q FROM NODAL DISPLACEMENTS QQO00C08070

NF = DOF PER NOOE.

ELNO(JyI) = NODE NUMBERS FOR ELEWENT
CCtI) = NODAL DISPLACEMENT AT DOF 1.
Q{l) = ELEMENY NDCAL DISPLACEMENT AT
INTEGER NF,ELNO(1)

DUUBLE PRECISICON QQ(13,Q¢1)

I.

ELEMENT COF I.

gcQo08080
€C008090
00008100
0cCos8llo
000048120
00008130
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100

INTEGER [,NI,10,30,K
0C 100 1=1,3

NI
10
JC

Hoaon

D0 100 K=14NF

ELNOLT)

NF*(NI-1)

NF={I-1)

QUJO+K) = QQI
CALL ROTC(NFLELNC+G,0)
RETURN

END

10+K}

SUBROUTEINE PFILLINFLELNC,P,PP)

FCRM VECTOR OF

NF =
ELNO(
L)
PP(I)

NI
IQ
Jo

i un

DOF PER

NOCE.

JeI) = NODE NUMBERS FCR ELEMENT 1.

= ELEMENT NODAL FCRCE AT ELEMENT DOF 1.
= NODAL FCRCE AT COF I.

INTEGER NF,ELNO(1)

CCUBLE PRECISICN P(1l),PP(1}

INTEGER I,NI.IC.J0,K

CALL ROTQINF,ELNC,P,1)

0DC 100 f=1.3

ELNQ(I)

NF*{NI-1)

NF*({[-1)

DO 100 K=14NF
PPLIO+K) = PP{IO+K) + PLJO+K)}
RETURN

END

SUBRCUTINE DFILLINF,EGEOM,.Q,D)

COMPUTE ELEMENT DISPLACEMENT DERIVATIVES D FROM DISPLACEMENTS (.

NF =

DOF PER

EGEUMIJ.1) =
= ELEMENT NODAL OISPLACEMENT AT ELEMENT COF

GtI)
cin

= ITH DISPLACEMENT DERIVATIVE (UXoVXaWXsUYVY,HWY).,

INTEGER NF
DCUBLE PRECISION EGEOM{1),Q(1),D(1)

NCDE.
GEOMETRIC PRGPERTIES FUR ELEMENT 1.

NODAL FCRCES PP FROM ELEMENT FCRCES P.

gcecBl4d
00008150
©0008160
00008170
60008180
00008190
00008200
00008210
00008220
00008230

00008240
0GC08250
00008260
00008270
Geooa280
0Co08290
00008300
0€008310
00g08320
00008330
00008340
00008350
00008360
gQoQs370
00008380
00C08390Q
00008400
00008410

00008420
0CC08430
CO000B440
0C008450
00008460
¢C008470
€C008480
00008490
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INTEGER NF2,1

DCUBLE PRECISION BeHyB1,82,A2
NF2 = NF#*2

B = EGEOM({1)

H = EGECOM{Z2)

‘Bl = EGEOM(3)

B2 = B-61

A2 = 1.D00/(B%H)

DO 10 I=1,NF

DII) = AZ%HE(-Q(I)+QINF+I))

DANF4I} = A2%(~B2%C(I)-BL*QINF+1)+BRQINF2+1))
RETURN
END

SUBROUTINE EFILLINF,D,ET)

COMPUTE ELEMENT STRAINS ET FRCOM DISPLACEMENT DERIVATIVES D

NF = DOF PER NCLE.
COF) = ITH DISPLACEMENT DERIVATIVE (UXaVXy WX UYoVY, WY,

ET{1) = ITH LAGRANGIAN STRAIN COMPONENT {XX,YY,XY}.
INTEGER NF

CCUBLE PRECISION Cl1),ET(1)
ET(1}Y = D(1)

ET(2) = DINF+2)

ET(3) = C(2) + DINF+])

CO 10 [=1,NF

ETHL) = ET{1) + .50D0%D(1)#%%x2
ET{2) = ET{2} + SUOXDINF+1)#%x%2
ET{3) = ET{3) + D{L)®D(NF+[}
RETURN

END

SUBROUTINE AFILLINF,D,A,KODE) '

KCBE=0 FORM LAGRANGIAN Al(1,J) = Al{I,J,K)*Q(K).

KCCE=1 FORM LAGRANGIAN A{[,4) = AQ(I,d) + AL{I,Jd,K}%*D(K).
NF = DOF PER NODE.

Cil) = ITH DISPLACEMENT DERIVATIVE (U s VX g WX UY VY WY ).

A GIVES LAGRANGTIAN STRAINS (XX,YYeXY)
INTEGER NF 4KODE

FROM {UX VXWX, UY VY, nY).

GCCO85C0
0cooas1o
aggoss2o0
00008530
00008540
06008550
00008560
00008570
0C008580
00008590
cocussgo
60008610
00008620

00008630
Q0008640
00C08650
00008660
00008670
0CO08680
00008690
GCCO8700
00008710
QQQo8vr20
0Co08730
00008740
00068750
C0008760
0Q00&TTO
00008780

00008790
00008800
00008810
00008820
C0008830
00008840
00008850
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DCUBLE PRECISION C(l)eA({3,1}
INTEGER J,J1

OC 10 J=1.NF

J1 = NF+J

All,Jd) = DLJ)

All,J1) = 0.D0

Al24J) = 0.D0

Al2,J1) = D{J1)

Al3,4) = DLI1)

A{3,J1) = D{J)
IFIKOLEL.EG.OIRETURN

Atl,1) = 1.00 + A(l,1)
A(2,NF+2) = 1.00 + AL2,NF+2)
Al3,2) = 1.00 + A(3,2)
A{3,NF+1l) = 1.C0 ¢ A(3I,NF31)
RETURN

END

SUBROUTINE GFILL(NF,EGECM,G)

FCRM UISPLACEMENT-CERIVATIVES FRCM NODAL-DISPLACEMENTS MATRIX G.

NF = DOF PER NODE.

EGEQM{.241) = GEOMCTRIC PROPERTIES FOR ELEMENT 1.
G GIVES (UX VXsWXUY, VY WY} FROM ELEMENT NODAL DISPLACEMENTS.

INTEGER Nf

CCUBLE PRECISION EGECM(1),G(6.1)
"INTEGER NF2,NF3,1,11,12
CCUBLE PRECISICN BoeHeB1,B2,A2

NF2 = NF%2

NF3 = NF#3-

B = EGEOM({1)
k= EGEOML2)

Bl = EGEOM{3)
B2 = B-8B1

A2 = 1.00/(B*H}
OC 3 [=1eNF2

OC % J=1l4NF3
G{i,J) = 0.D0
DG 10 1=14NF
Il = NF+{

06008860
0c008870
00008880
00008890
0Cc0089400
gcgos9glo
0coo8920
60CUB930
0C0084940
0CC08950
0C008960
0C008970
00068980
c0008990
00009000
00009010
00009020

00009030
00009040
cCC09050
00009060
00009070
coco9080
GeC09090C
00009100
0coo9lic
Cgo09120
00009130
00009140
00009150
00009160
00009170
00009180
00009190
060009200
004009210
€0009220
00069230
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100

12 = NF2+1

G(I+I) = -H%*A2
GEI+I1l) = H=A2
GlIl,i) = -B2*A2
GiIl,11) = -B1%A2
G({ils12) = B®A2
RETURN

END

SUBRQUTYINE HTRAN(A:MA.NA-BngvNBrD)
CCMPUFE Ci{1,3) = A(M NI*¥B (M, T)*BI(N,J).
A = SQUARE MATRIX TO BL TRANSFORMED.

A = MAXIMUM (FORTRAN-DIMENS IONEG) SIZE OF A,
A = ACTUAL SIZE COF A.

= TRANSFORMATION MATRIX.

= SQUARE TRANSFCRMED MATRIX.

M8 = MAXIMUM (FORTRAN-DIMENSIONED) STZE OF D.
NEB = ACTUAL SIZE OF D.

INTEGER MA ,NA,MB,NB

COQUBLE PRECISION A(MA, 1) 8(MA,1),D(MB, 1)
INTEGER IsJ4M

DCUBLE PRECISION CT,STCR{&,9)
PG 50 I=1+NA

CC 50 J=1,NB

C = 0.D0

DG 45 M=1,NA

C=C + A{LMIEB(M,J)

STORI{I,J) = C

D0 100 I=1.NB

D0 100 J=1,NB
C = 0.DO

00 95 M=1,NA

M
N
B
o

C = + STOR(MyJ)%*B(M,])
Cil,J} = C

RETURN

END

SUBROUTINE ROYQINF,ELNC,Q,KODE)

CGac9240C
00009250
00009260
00009270
00009280
00009290
00009300
06009310

00009320
00009330
00009340
60009350
00009360
00009370
00009380
00009390
00009400
00009410
00009420
€0009430
00009440
00009450
00009460
000609470
00009480
00009490
0CQ0s9500
C0G09s10
00009520
00009530
00009540
00009550
CCO09560
00009570
00009580

0C0G9590
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30

45 =

KODE=0Q ROTATE DISPLACEMENTS TO ELEMENT FROM NODAL.
KCOE=1 ROTATE FORCES TC NODAL FRCM ELEMENT.

NF = DOF PER NODE.

ELNO(JyY) = NODE NUMBERS FOR ELEMENT 1.

Q(1) = ELEMENT NCODAL CISPLACEMENT AT ELEMENT DOF 1.
GCOS(J4e1) = DIRECTION COSINLS FOR CCCRDINATE SYSTEM AT NODE [.
CCORD{J,I) = COORDINATES OF NODE 1.
COMMON/COMCOS/GCOS/COMCCR/CCORD

INTEGER NF,ELNC{1),KODE

DCUBLE PRECISION GCOS134+43+1)4CCORC(3,1),Q(1)

INTEGER NL N2 N3 NI yNeloJdo¥,10

COUBLE PRECISICGN VvZ2Ll(3)+VIL(3)aVY(3),VvZ{3)}

CCUBLE PRECISION C,REG{343)+RNGIUI43)4RENI3,3},QPART(3)
COMPUTE MATRIX REG TQO RCTATE DISPLACEMENTS ELEMENT FROM GLOBAL
Ni ELNCL L)

N2 ELNOL 2)

N3 ELNO(3)

DC 10 I=1,3

V21(1}) = CCCRDIT.N2) - CCORD(1,N1)

V31{(I) = COORD{UI+N3) - CCORD(IHNI)

CALL VCROSS{V21,v3l,vZ)

CALL VNCRM{VZ21,V21}

CALL VNORMIVZI,VZ)

CALL VCROSS(VZWV21,VY)

0 20 J=1,NF

HoWn

REG{1,J) = V21(J)
REG{24+J) = VY LI
REG{(3,J) = vIUJ)

EC 5C0 N=1,3

CCMPUTE MATRIX RNG ROTATE
NI = ELNO{N)

CC 30 I=14NF

OO 30 J=1,NF

RNGI{Tsd) = GCOSEYoJyNI)
COMPUTE MATRIX REN ROTATE
OC 50 Y¥=1eNF

DC 50 J=1.NF

C = G.DO

CC 45 M=1+NF

C + REG(IyM)I®RNG(J,¥)

CISPLACEMENTS ELEMENT FROM NCDAL

NODE N DISPLACEMENTS NODAL FRCM GLOBAL

Q00096400
€0009610
00009620
Q0009630
00009640
000609650
00609660
COC09670
$0009680
000069690
00009700
0cCco9710
00009720
C0009730
00009740
00009750
QC009760
0C009770
00003780
00009790
¢goco9800
00009810
00009820
00009830
00009840
00009850
C0009B&0
060098710
Gcoo9880
¢0009890
00009900
60009910
00009920
00009930
00005940
C0009950
00009960
00009970
00009980
00009990
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115

116
118
120
500

L0

REN(I,J} = (

RCTATE QUIN) PARTITION USING MATRIX REN FGR NCOE N
10 = NFX(N=1}

DO 110 I=1,NF

GPART{I) = QUI0+1)

DC 120 I=14NF

C = 0,00

IF{(KOBE.EQ.L1)GG TC 16

OC 115 M=1,4NF

C = C ¢ REN(I+M}YEQPARTINM)

GC TO t20

CC 118 M=1,NF

C = C + REN{M,[)%CPART(M)

GLIO+[)Y = C

CONT INUE

RETURN

END

SUBROUTINE ROTKIENFLELNG,K) ; '

RCTATE ELEMENT STIFFNESS TO NODAL FROM ELEMENT.,
NF = DOF PER NODE.

ELNC{JyI) = NODE NUMBERS FOR ELEMENT 1.

K = ELEMENT STIFFNESS MATRIX.

GCOS(J.1) = DIRECTION COSINES FOR COCRODINATE SYSTEM AT NODE .
CCORPI{JsI) = CCUORDINATES OF NODE 1I.
COMMON/COMCOS/GLCOS/COMCOR/COORD

INTEGER NF,ELND{1)

DCUBLE PRECISICN GCOSU343,1)+CCORDI3,1),K{7,49)
INTEGER NLsNZeNIaNToNoToJsM, I0,J0,1IP,JP

CCUuBLE PRECISION V21€3),V3L(3),VYI3),VZ(3)

CCUBLE PRECISICGN CrREG‘3!3’QRNGl3'3}vRENl303}.KPART‘313] .
COMPUTE MATRIX REG TO RETATE DISPLACEMENTS ELEMENT FROM GLOBAL
N1 = ELNOI{1)

N2 = ELNCO(2)

N3 = ELNO(3)

CO 1C 1=1,3

val(l) = COORD{I4N2) - COORD(I+N1)

V31(1} = CCORD(I+N3) -~ CCORD(I+N1}

CALL VCROSS(V2L,V31,V2)

000100G0
cco10010
Gool10020
000100630
(0010040
0a010050
00010060
00Clc070
C0010080
00010090
00010100
¢0010L10
GGo10120
00010130
U0C10140
Qooiolso
00010160

06010170
¢coio180
000101990
Q0010200
000102140
00010220
00010230
00010240
Ggoi10250
C0010260
00010270
00010280
aCal10290
00010300
00010310
00010320
0col10330
00010340
60010350
00010360
00ol0370
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CALL VNORM{VZ21l,v21) 00Clu384Q

CALL VNORM{VZ,VI) 0C010390
CALL VCROSSI{VZ,V21,VY) 00010400

00 20 J=14NF 00010410
REGIL,Jd) = VZ211J) 00010420
REGI2+d) = VYL)) 00010430

20 REGI(3,J) = vI{d) 00010440
DO 5C0 N=1,3 00010450
COMPUTE MATRIX RNG ROTATE NODE N DISPLACEMENTS NODAL FROM GLOBAL CCO010460

Nl = ELNO(N) 00010470

DC 30 I=1,NF 00010480

CC 30 d=1,NF 0C010490

30 RNGIUIed) = GCOS{T,4daNI) 00010500
COMPUTE MATRIX REN ROTATE DISPLACEMENTS ELEMENT FROM NODAL 00010510

00 5C 1=1,NF 00010520

£0 50 Jd=14NF 00010530

C = 0.DO 00010540

D0 45 M=1,NF 0C€010550

45 C = C + REGIT+MIERNG{I M) 0C010560
50 REN{Fs3) = C 00010570
Co 200 tP=1,3 00010580
RCTATE K{IP,N) PARTITIiON USING MATRIX REN FOR NODE N 00010590

I0 = NF%{IP-1)} 3001060C0

JO = NF¥{N-1) 00010610

CC 110 I=1,NF JgolLee2a

DG 110 J=1.NF 0010630

110 KPART(E,J) = K(IO+1,J0+)) 0C010640
DG 120 I=1,NF 00010650

CC 120 J=1,NF 00010660

C = 0.D0 00Gi10670

DG 115 M=14NF 00010680

115 € = £ + KPART{I MI*¥REN(M,J]) 00010690
120 K{{0+],30+0} = C 00010700
200 CONTINUE 00010710
DC 300 J4P=1,3 goeclov20
RCTATE K{N,JP) PARTITICN USING MATRIX REN FOR NODE N coolo730

10 = NF¥{N-1) 00010740

JO = NF2{Jp-1]) 00010750

CC 210 I=1,NF 00010760

B0 210 J=1.NF 00010770
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215
220
300
500

10

-NF2 =

KPARTI(I,4) =
B0 220 I=1,NF
CC 220 J=1.NF
€ = 0.00

EC 215 M=l ,NF
C = C + RENI(M, 1 )*KPART(M,y3)
K{10+[,00+4) = (

CONTINUE

CCNTINUE

RETURN

END

K{10+1,40+4)

SUBROUTINE FORCE (NEL yNN,NF ,ELNG,DF ,QQ,PP)

CCMPUTE INTERNAL FCRCES PP CCRRESPONGING TO CISPLACEMENTS QU.
NEL = NUMBER OF ELEMENTS,

NNoNF = SYSTEM DOF,DCF PER NODE.

ELNO(J,[) = NODE NUMBERS FOR ELEMENT I.

DF = FINITE-DIFFERENCE SPACING USEC IN COMPUTING FORCES.
QQU1),PPII) = CUMULATIVE DISPLACEMENT,INTERNAL FORCE AT DOF I.
EGEQM(J,E) = GECMETRIC PROPERTIES FOR ELEMENT I.

TUI) = THICKNESS CF ELEMENT I.

NS = NUMBER OF STRAIN CCMPONENTS,
COMMON/COMEG/EGEQOM/COMT/T/CUMNS /NS

ENTEGER NEL ¢NNyNFELNO(3,41),NS

CCUBLE PRECISICN QQU1)ePP(L),0OF,EGEOMI341),T(1)

INTEGER I,11+M,NF2,NF3

OOUBLE PRECISION CoVeUASUBZECE3)4E(3)45(3)40(6)4P0{6) 4Q(9)¢P(Y)
DCUBLE PRECESION A(346)+G(649)+ENERGY

EQUIVALENCELA{L),G(1))

NF 2

NF3 = NF#3

00 10 T=1,NN

PPLI) = 0.DO

DC 100 11=1,NEL

V = SDO*T(II)*EGEOM (1,11 )%EGEQM(2,11)

CALL WFILLANF ELNC(Ls11)4GQyQ)

CALL OFILL{NFyEGECM(1,11),Q.D)

CALL EFILL(NF,04£0) )
DO 50 I=1,NS

00010780
00010790
00010800
00010810
00010820
00010830
00010840
00010850
00010860
00010870
00010880

€co010890
c0Q109¢G0
00016910
00010920
0QQ10930
00010940
QCc01095¢0
00010960
QCcQol10970
060010980
00010990
00011000
00011010
goolie2o0
00011030
00011040
00011050
00011060
CCO11070
¢G0011080
00011090
00011100
0001111Q
CColll20
00011130
U0011140
00011150
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DO 35 M=]1,NS5S ' ' 00011160

35 EIM) = EO(M) 00011170
C = EO(D) 00011180
E(lI) = C - DF 00011190
UA = ENERGY(II,E) 00011200
E(I) = C + DF 00011210
uB = ENERGY(II,E) GGo11220

50 5(1} = (UB-UA)/{2.00%DF)=%V 00011230
CALL AFILL{NF,04A41) 00011240
DO 70 I=1.NF2 . 00011250
C = 0.00 00011260
DO 65 M=1,NS 00011270

65 C = C + A{(M,1)%5({M) ' 00011280

70 PCtY) = C 00011290
CALL GFILLINF,EGECMILl,4111),4G) 00011300
DO 80 I=1+NF3 00011310
C = C.DO 00011320
OC 75 M=1,NF2 00011330

5 C = € + PD{M)%GIM, ) 00011340

80 P(I} = C ‘ CC011350

100 CALL PFILLINF+ELNO(L,[1)+P,PP} 00011360
RETURN 00011370
END 00011380
SUBRDUTINE PFORCE(PFACT,PREF sNN,P) 00011390
CCMPUTE APPLIED NOCDAL FCRCES P, 006011400
PFACT(J) = NODAL LOAD FACTOR FOR REFERENCE VECTOR J. 00c0l1410
PREFI[JyI} = NODAL LOAD AT DOF 1 FOR REFERENCE VECTOR J. 00011420
NN = TOTAL SYSTEM DOF. 00011430
P(I) = APPLIED CUMULATIVE LOAD AT DOF . 00011440
INTEGER AN 00011450
DCUBLE PRECTISION PFACT(1),PREF{2,1},P(1) 06011460
INTEGER 1| : 00011470
CO ICC I=1,NN 0011480
100 PLI) = PFACTU(LII%*PREFI(L1,I) + PFACT(2)%PREF(Z2.,1) 0C011490
RETURN ' ' 0C011500

END 00011510
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SUBROUTINE EFGRCE(lPRESS;PRyPRREFoGQ:NEL;NN.NF:ELNC,PP}

~COMPUTE NODAL FORCES PP DUE TO ELEMENT PRESSURES PR.

IPRESS = NONCONSERVATIVE CODE =
PR = ELEMENT PRESSURE
PRREF(TI} = INTENSITY ON ELEMENT I FOR PRESSURE REFERENCE VECTOR.
CQ(I} = CUMULATIVE NGDAL DISPLACEMENT AT DOF .

NEL = NUMBER OF ELEMENTS.

NNsNF = TOTAL SYSTEM DCF.DOF PER NCDE.

ELNO(J, 1) = NODE NUMBERS FUR ELEMENT I.

PPLI)} = COMPUTED NONCONSERVATIVE PRESSURE NCDAL FORCE AT DOF 1.
EGEOMUJ,1) = GEDMETRY FCR ELEMENT | (HASE.HEIGHT,PART BASE).
CCMMON/COMEG/EGEDOM -

INTEGER IPRESS,NEL,NNyNF,ELNO{3,1)

CCUBLE PRECISIUN PRoPRREF{1}4G0O{1),PP(1).EGECM{3,1)}

INTEGER .11

COUBLE PRECISION CoV21(3),V31{3),Q{9),P(9)

CC 10 I=1,NN

PP(1) = 0.D0

IF{IPRESS.EQ.G)IRETURN

DG 100 TI=1,NEL

CALL QFILLINF,ELNC{1,11).Q8,Q)

Os1 FUR NG PRESSURE 4 PRESSURE.
INTENSITY FACTOR,

DO 20 I=1+3 .
V2101 = QU3+41) - Qt1I)

VILII) = qQle+l) - Q(1)

V2i{1) = V21(1} + EGEOM(1,11)
V3I(1) = V31(1) + EGEQM(3,11)
V31{2) = Vv31{2) + EGEOM(2,]I])

CALL VCROSS(VZ21,4V3l,.P)

C = PR¥PRREF(I1}/6.D0

DU 50 [=1,3

PILI) = P{1)%C

PL3+1) = PUI)

P{o+I) = P{1)

CALL PFILULUINFLELNO{LeIT)eP,PP)
PETURN

END

SUBROUTINE ERCOMP{UOWNN¢KFDyPP,P,ERR)
CCMPUTE ERROR NORM USING CUMULATIVE FORCES PP AND RESIDUALS P.

0C011%20
00011530
00011540
00011550
00011560
00011570
06011580
04011590
00011600
goo1161l0
cColl620
00011630
Ca0l1640
CC0l11650
00011660
00011670
00011680
00011690
gco11700
0GO0117t0
0Co1172¢0
0011730
Q0011740
CC011750
00011760
00011770
tccl1i780
GoQ11790
00011800
acolislg
00011820
00011830
000l1840
0gal1850
00011860
00011870

00011880
00011890
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UC = QUTPUT FILE UNIT NUMBER. 000119C0
NN = FORCE-DISPLACEMENT-CONSTRAINT SPECIFICATION FOR DOF 1. 00011910
KFD(1) = FORCE-DISPLACEMENT-CONSTRAINT SPECIFICATION FOR DOF I. 00011920
PP{I) = CUMULAYIVE NODAL FORCE AT DCF 1i. 000119130
PUI} = RESIDUAL (UNBALANCED) NODAL FORCE AT DUF I, Q0011940
ERR = COMPUTED RESIDUAL-FORCE CRROR NORM. 00011950
INTEGER UD,NN,KFD(1) QaC11960
DOUBLE PRECISION PP{1),P{1),.ERR 00011970
INTEGER l4J . 00011980
CCUBLE PRECISICN Cl,C2 00011990
201 FORMAT(1H ,"ERROR NORM = ¢,F12.5) €0012000
ERR = 0.DO 00012010
Cl = 0.D0 00012020
C2 = 0.D0 00012030
DC 5 I=1,NN 00012040
J = KFDI(I) 00012050
IFtJ.LT.0.0R.J.EQ.1}G0O TC 5 CC012060
P(J) = PLJ) + P{1) 00012070
PII) = 0.D0 . 00012080
5 CONTINUE gcol12090
0C 10 I=1,NN 00012100
[IFIKFD(T1}.EQ.IVCL = Cl + DABS{PI(1)) : 00012110
10 C2 = C2 + DABS(PP(I1)) 00012120
IF{(C2.GT.0.DO0)}ERR = CLl/C2 00012130
WRITE(UQ,201)ERR 00012140
RETURN 000121590
END 00012160
SUBROUTINE STRAIN(NEL yELNOEGEOM NF,GG,EET) Gcol2170
CCMPUTE STRAINS EET FRCM GLOBAL DISPLACEMENTS QOU. 0co012180
NEL = NUMBER OF ELEMENTS. 00012190
ELNO{J,1) = NODE NUMBERS FOR ELEMENT |. 00012200
EGEOM{J,y1) = GEOMETRIC PROPERTIES FOR ELEMENT 1. 00012210
NF = DOF PER NODE. ) 00012220
CC(I) = CUMULATIVE NOUAL CISPLACEMENT AT DOF 1. 00012230
EET(J,1) = COMPUTED CUMULATIVE STRAINS {XX4YY,XY) FOR CLEMENT 1. QCOL2240
INTEGER NEL,ELND(3,1)4NF 00012250
DOUBLE PRECISION EGEOM{3,13,QCQ(1),EEV(3,1) 00012260

INTEGER 11 00012270
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CCUBLE PRECISICN Q(9),Ul6) 00012280

DO 10 II=1.NEL 00012290
CALL QFILL(NF,ELND{1,111},QQ,Q) . 00012300
CALL DFILLAINF,EGEOM(1,I01},Q,D) 00012310
CALL EFILLUINF,D,EET(1,11)) 00012320
RETURN - 00012330
END : 00012340
DCUBLE PRECISION FUNCTICON ENERGY({IT,ET) 00012350
EVALUATE ENERGY DENSITY FOR ELEMENT [I AT STRAINS ET (MCONEY). 0cal12360
[1 = ELEMENT NUMBER, 000612370
ET{I) = CUMULATIVE STRAINS (XX,YYsXY} FOR ELEMINT. 00012380
IMAT(I) = MATERIAL NUMBER FOR ELEMENT 1. 00012390
CCl(I},CC2(I) = MATERIAL PROPERTIES FUR MATERIAL I. 00012400
COMMON/COMMATY/IMAT/COMENU/CCL,CC2 00012410
INTEGER TI,EMAT(1) ' 00012420
COUBLE PRECISION ET{1),CC1{5),CC2{%) 000124320
INTEGER 1| 00012440
DOUBLE PRECISION C14C2,A48,0411,12 . 00012450
I = IMATIID) 00012460
Cl = CCLtl) 00012470
C2 = CcC2(1 00012480
A = 2.DO*IETL1)+ET(2)) 00012490
B = 4.DO*ET{1)*%ET(2) - ET(3)*%? 06012500
D = 1.D00 + A + B 00012510
- 11 = (A*[A+B)-B) /O ‘ ooci2s520
12 = 11 + B¥{A+B)/D . 00012530
ENERGY = C1I*I1 + C2%]2 00012540
RETURN 0G012550
END ‘ 00012560
SUBROUTINE EVAL{II,0RDyNsFOWDF+ESTOR} 00012570

EVALUATE STRAIN ENERGY CF ELEMENT 11 AS FUNCTION CF STRAINS TO 00012580
ESTABLISH A COMPLETE INTERPOLATING POLYNCMIAL OF URDER CRD L.E. 3.00012590

Il = ELEMENT NUMBER. ' CO0126C0
ORD = MAXIMUM TENSOR ORDER TO BE USED FCR DIFFERENCE EXPANSION. gaCl12610
N = DIMENSION OF TENSODRS. 000312620

FC(I) = CURRENT VALUE CGF INDEPENDENT VARIABLE I, 00012630
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CF(I) = FINITE DIFFERENCE IN INDEPENDENT VARIABLE 1.
ESTOR{(I) = STORAGE VECTCR FOR ENERGY EVALUATIONS I.
ENERGY(II,F) GIVES ENERGY FUR ELEMENT I1 AT VARIABLE STATE f.

INTEGER II,0RDsN

DOUBLE PRECISION FO{1),DF (1) +ESTCRI1}ENERGY

INTEGER [yJyKsM,I1E
CCUBLE PRECISION F(3)
IE = 1

ESTOR{IE) = ENERGY(II,FO}

IF{ORD.LT.1}IGO TO 100
UC 10 1=1+N

IE = E+]

DO 5 M=]14N

FiM) FO(M)

F{I1}) = F(I}) + OF{I)
ESTOR{IEY = ENERGYI(II,.F)
IFI(ORDLLT.21GO TO 100

DC 20 1I=1.N

D0 20 J=1,1

IE = lE+]

0C 15 M=1,N

Fim) FO{M)

FL1) F{I) *+ DF(1)

F(J) FiJ) + CF(
ESTOR{IE) = ENERGY(I11,F)
IFIORD.LTL3)60 TO 100

DC 30 I=1,N

00 30 J=1.1

DO 30 K=1,4d

te = 1E+1.

OC 25 M=1,N

F(M) = FO{M}

F(I) = F{1) + DFLD)
F(JY = FLJ) + DFLJ}
F{K} = F(K) + DF(K}

ESTOR(IEY = ENERGYIII.F)
RETYURN
END

00012640
00012650
00012660
00012670
00012680
00012690
00012700
00012710
00012720
00012730
00012740
00012750
00012760
000121770
0C012780
00012790
00012800
00012810
00012820
00012830
00012840
00012850
00012860
00012870
00012880
00012890
00012900
00012910
00012920
00012930
00012940
00012950
00012960
00012970
00012980
00012990
00013000
00013010
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SUBRCUTINE UZ2FORMIN,DF,ESTOR,USTOR)

FCRM STRAIN ENERGY TENSORS USTOR USING QUADRAIIC PCINTS ESTUR.
N = CIMENSION OF TENSUORS.
CF{1} = FINITE DIFFERENCE IN
ESTOR{I) = STORAGE VECTCR
USTOR{T) = STORAGE VELTOR
INTEGER N

COUBLE PRECISION DF{1)4ESTOR{1),USTOR(])
INTEGER I,4JsI1,02,L0CTI1,N1

DCUBLE PRECISION C,CI,CJ,C14,DI,0J

INDEPENDENT VARIABLE I.
FOR ENERGY EVALUATION [,
FOR TENSOR COMPONENT 1.

Nl = L+N
I1 =1
I2 = N1
FORM CTH-ORDER TENSOR
C = ESTOR(1)

USTOrR{1l}) = C
FORM 1ST-CRDER TENSOR
00 100 f=i,N .
LI = OFILT)
I1 = 11+1
CI = ESTOR(11)
LCCIT = N1 + I#{I+1)/2
FORM X TYPE TERM
USTOR(IL1) = {- Ll.S5CO0*C + 2,DQ%*CI -
FORM 2ND-0ORDER TENSOR
DD 100 J=1.,1

«SDOXESTOR(LOCIT) ) /DI

CJ = OI*DFiY)
12 = [2+1
CIJ = ESTOR{I2)

IF{J.LTL.I)GO YO 79

FCRM XX TYPE TERM

USTOR(I2) = (C - 2,D0%CI + CIJ)/DJ
GG 10 100

CJd = ESTCR{1+J)

FGRM YX TYPE TERM

USTOR{IZ2) = (€L - CI - CJ + ClJY/DJ
CCNTINUE

RETURN

END

00013020
00013030
00013040
00013050
00013060
00013070
00013080
00013090
00013100
00013110
00013120
00013130
00013140
00013150
00013160
00013170
00013180
06013190
00013200
00013210
00013220
00013230
00013240
00013250
00013260
00013270
00013280
00013290
00013300
00013310
00013320
00013330
00013340
00013350
60013360
00013370
0C013380
00013390

00013400
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SUBROUTINE U3FORM(N,DF,ESTOR,USTCR)

FCRM STRAIN ENERGY TENSCGRS USTOR USING CUBIC PUINTS ESTOR.

N = DIMENSION OF TENSORS.

CF(I) = FINITE DIFFERENCE IN INDEPENLENT VARIABLE .

ESTOR(T) = STORAGE VECTCR FOR ENERGY EVALUATIONS 1.

USTOR(I) = STORAGE VECTCR FOR TENSOR COMPONENT 1.

INTEGER N

OGCUBLE PRECISION CFU1),ESTOR{1),USTOR(1)

INTEGER ToJoKollsl12¢013,L0CIILOCISZLOCTITLOCITSZLCCTIIILLOCIK,
ILCCJUKN1gN2

DCUBLE PRECISION CoCIl+CUsCKyCIJCIK CIKZCIIK,CL16,C13,01,04,40K
N1 = 14N

N2 = N1 + N&(N+l)/2

Cl1é6 = 11.00/6.00

Cl3 = 1.00/3.D0

I1 = 1
I2 = N1
I3 = N2

FORM OTH-ORDER TENSOR
C = ESTOR{1)
USTORIL1) = C
FORM 1ST-0ORDER TENSOR
CC 100 1=1.N
DI = DF{I)
I = [1+1
CI = ESTOR{I1)
LOCII = N1 + Is(I+1}/2
LOCIII = N2 + Ix(1¢1)*x(1+42)/6
FORM X TYPE TERM
USTOREIL) = (~ C116%C + CL3I*ESTOR(LCCIII) + 3.D0%(CI
1- 1.500%ESTOR{(LOCII))/DI
FORM 2ND-ORDER TENSOR
LC 100 J=1.1
CJ = DI*DF ()
12 = [2+1]
Cld = ESTOR(I2)
CJ = ESTOR{1+4)
IFtJ.LT.1)GO TO 79
FORM XX TYFE TERM

00013410
00013420
00013430
00013440
060013450
C0013460
00013470
00013480
00013490
00013500
00013510
00013520
60013530
00013540
00013550
00013560
0013570
00013580
00013590
Q0013600
00013610
00013620
00013630
00013640
00013650
00013660
60013670
00013680
00013690
cco13700
00013710
oco13720
¢C¢013730
00C13740
00013750
00013760
00013770
00013780
00013790
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81

89

100

USTCR(I2) =
GC TO 81
LOCJJ = N1 + Je(J+})/2

LOCIJY = N2 « {I-1)1%]%{1+1)/6 + {J+1}%3/2

LCCIIJ = N2 + (I-1)%1%([+4)/76 + J

FORM ¥YX TYPE TERM

USTOR({I2) = {2.D0%C - 2.5D0%CJ + «SDO*ESTOR(LOC IS
1 = SDO*ESTOR(LOCIIJ) - .SOO*ESTCR{LOCIJZ) + «SDO*ESTCRILOCIT)
2 = 2.5D0*C] + 3.00%C1J}/DJ

FORM 3RD-0ORDER TENSOR

0C 1C0 K=1,.J

8] 4 DJ*DF (K)

13 = [3+]

CIJK = ESTOR([3)

LCCIK = N1 + {I-1)%[/2 + Kk

CIK = ESTORILOCIK)
CK = ESTOR(L+K}
TF(JdeLT1)GO TO 89
FORM XXX TYPE TERM
IF(K.EQ.JIUSTORL T D)
FORM YYX TYPE TERM
IF(K LY. J)USTOR(I3)
GO TC loo

LOCJK = N1 + (J=-1)%J/2 + K
CJK = ESTOR(LOCJX)
FORM YXX TYPE TERM
IFIK.EQ.JIUSTOR(I )
FCRM IYX TYPE TERNWM
IF(K.LT.JIUSTOR(T 3)
CONT INUE

RETURN

END ‘
SUBRQUTINE UFILL(II,0RD,ET,USTOR)

FILL USTOR CF ORDER ORC FOR ELEMENT II.

12.00%C - ESTOR(LOCIII) ~ 5.00%CI + 4.D0%CIJ)/0J

= C + CIJK + 3.00%CI - 3.00%C1J)/DK

(=C+CK+CTUK~Cl) ¢ 2.D0%*CI - 2.00%CIK)/DK

{(=C + 2.D0%CJ -CUK+CIJK+CI ~ 2,D0%CTJ) /DK

{=C + CK+LI4CY + CIYK = CIJ-CIK=CJIK) /0K

H

11 = ELEMENT NUMBER.
URC = MAXIMUM TENSOR ORDER TO BE USED FOR DIFFERENCE EXPANSION.
ET(I) = CURRENT VYALUE CF STRAIN CCMPONENT 1.
USTCRII) = STORAGE VECTCR FOR TENSOR COMPONENT .
NS = NUMBER OF STRAIN CCMPONENTS.
FINITE DIFFERENCE SI2E FOR STRAIN VAR[ABLES.

CFE =

000138090
00013810
00013820
0c013830
60013840
00013850
CCO013860
00013870
00013880
00G1389¢
000139cCo
00013910
00013920
00013930
00013940
00013950
00013960
0C0139710
00013980
00013990
Qgo14C00
00014010
06014020
00014030
00014040
0G014050
00014060
0CQ14C70
00014080
00014090
00014100
00014110
00014120
00014130
0C014140
CGOLl4150
00014160
00014170
CC014180
00014190
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COMMON/COMNS/NS/COMDFE/DFE

INTEGER I1I,0RD,NS

DCuBLE PRECISION EY(1),USTOR(1),DFE
INTEGER I

DCUBLE PRECISION ESTOR(20),DF{(3)

DO 10 I=1,NS

EF{1) = OFE

CALL EVAL(T]4ORDyNS,ET,DF,ESTOR)
IF{ORD.EQ.2)CALL UZFURMINS,DF,ESTOR,USTOR)
[FIORD.EQa3)CALL UIFCRMINS, DF+ESTOR,USTOR)
RETURN

END

SUBROUTINE CFORM{{,EGECM,CMAT)

FORM 3X9 PRESSURE LOAD MATRIX CMAT.

GUI) = CUMULATIVE NODAL DISPLACEMENT AT COF 1.

EGEOM(Js 1) = GEOMETRIC PROPERTIES FOR ELEMENT I.

CMAT = UNSYMMETRIC STIFFNESS PARTITION DUE TC PRESSURE LOADS.
DCUBLE PRECISION G(1),EGEOM(1),LMAT(3,9)

INTEGER |

CCUBLE PRECISION CX2+CY2,CZ2,CX3,CY3,CZ3

CxX2 = EGEOM{1) + ¢l4) - Q1)
Cy2 = QI5) - Q(2)

€22 = Ql6) — Q(3)

CX3 = EGEOM{3) + QI - Q1)
CY3 = EGEOM{2) + Q(8) - QU2)
Ci3 = Q(9) - Q(3}

DO 10 I=1.,3

CMAT(1,1I) = 0.DO

CMAT(1,1I+3) = .00
CHMAT(I,146) = 0,00

CMAT(1,2) = C22-CZ3
CMAT(1,3) = ~-CY2+4CY3
CMAT(1,5) = (123

CMATIL1,6) = -CY3

CrAT{Ll.8) = -CZ2

CMAT{L1l,9) = (¥2

CMATI(Z,1) = -C22+C23
CMAT{2,3) = (X2-CX3

00014200
00014210
00014220
00014230
00014240
00014250
0014260
00014270
00014280

00014290

00014300
00014310

00014320
€0014330
00014340
00014350
00014360
00014370
00014380
00014390
00014400
0C014410
00014420
00014430
00014440
00014450
00014460
00014470
00014480
00014490
00014500
00014510
00014520
00014530
00014540
00014550
00014560
00014570
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CMAT{2y4) = ~CZ13
CMATL2,6) = (X3
CMAT(2,7) = C(CZ2
CMAT{2,49) = -CX2
CMAT(3,1) = CY2-CY3
CMATI3,2) = -CX2¢CX3
CHAT(3,4) = (Y3
CMAT(3,5) = -CX3
CMAT{3,7) = -CY2
CHAT(3,8) = (X2
RETURN

ENDG

SUBROUTYT INE GENERB(II,K)

FORM STIFFNESS MATRIX K FGR ELEMENT I1 IN NODAL CUORDINATES.
I14K = ELEMENT NUMBER,ELEMENT STIFFNESS MATRIX.

NSeNF = NUMBER OF STRAIN COMPONENTS,DOF PER NCDE.

ELNO(J,1I) = NODE NUMBERS FOR ELEMENT 1.

EGEOM(Js+1) = GEOMETRIC PRCPCRTIES FOR ELEMENT 1.

TCI)Y = THICKNESS CF ELEMENT (.

CCil) = CUMULATIVE NODAL DISPLACEMENT AY DOF 1.

IPRESS = NONCONSERVATIVE CODE = 0,1 FOR NO PRESSURE.PRESSURE.
PR = ELEMENT PRESSURE INTENSITY FACTOR.

PRREFIT) = INTENSITY ON ELEMENT | FCR PRESSURE REFERENCE VECTOR.
CCMECN/COMNS /NS/COMNF/NF/COMEL/ELND/COMEG/EGEOM/COMTZT/COMQR/QQ
COCMMON/CCMIPR/IPRESS/UCMPR/PR/CEMPRR/PRREF

INTEGER II NS,NF,ELNO{3,1),IPRESS

DGUBLE PRECISION K939 ) ,EGEOMI341)T(L),CR{1)1,PR,PRREFI{1)
INTEGER J+J, lUsNF2,NF3,I11

CCUBLE PRECISION VeE(3),S03),00{3,3),0(6}.,01(9),4(3,8}),
IH{Gs6) Gl 6E,3)USTORIL10)

DCUBLE PRECISION C+P64CMAT(3,9)

EQUIVALENCECLAI{L) GEL))

V = J5D0*T{I1)*EGECM{Ll,I1)*EGEOM{Z2,I1)

NFZ = NF#%2

NF3 = NF%3

CALL QFILUINFLELNGIL,I1),QQ4vQ)

CALL OFILLUINF,EGEOM{1,+11),Q,0)

CALL EFILL{NF,0,E}

00014580
00014590
00014600
00014610
00014620
00014630
00014640
00014650
00014660
00014670
CC014680
00014690

CC0147060
00014710
¢Ccal4720
00014730
G0014740
Q004750
00014760
0CcoL4770
00014780
00014790
00014800
00014810
00014820
00014830
00014840
00014850
00014840
00014870
40014880
00014890
00014900
Q0014910
€0014920
Q0014930
00014940
00014950
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20

50

100
101

CALL UFILL{IT+24E,USTOR)
Iv = 1

0O 10 I=14NS

IV = ju+l

SUIY = USTOR(IU)*v

DO 20 I=1,4NS

EC 20 J=1,1

IU = [u+l

DO{I+4) = USTOR{IU)*Y
COLJe1) = DOCL4J)
CALL AFFLL{NF,DsA,1L)

CALL MTRAN{DO»3 4 NS+A46sNF2,4H)

00 50 I=1,NF
Il = NF+1
H{I, 1) = H{Io1) + S{1)Y

HOTLs 1) = H{ILl,I1) & S(2)

F(To11) = H{l.11) + S{3)
FEEls1) = HiIIl,1) + S{3)

CALL GFILLINF,EGEOM(1,11),G)
CALL MTRAN(H 6 4NF2,659,NF3,K)

IF{IPRESS.EQ.DIGO TO 1C1

CALL CFORMI(QEGEOM{Y+11)4,CMAT)

P6 = PR®PRREF{I11}/6.D0Q
CC 1C0 I=1.NF

DO 1C0 J=L,.NF3

C = Po*CMATI(T,+J}

K(Isd) = K([4d) =~ C
K(I+3,0) = K{1+43,J} - C
K{i+464J) = KiI+6,d) - C

CALL ROTK{NF+ELNO{Lls11)4K)

RETURN
END

SUBROUTINE USUML(ORD,USTOR(N,Q,P)

USTOR(I»J)%QtJ).
USTCRIT g JoKITGLIIXL(K) .

GRD = TENSCR ORDER TO BE USEDR FOR FINITE-DIFFERENCE EXPANSIONS.
USTOR = TENSOR STORAGE ARRAY.

FGR ORD=2 COMPUTE P({1]1) =
FCR CRD=3 COMPUTE PILI) =

N = TENSOR OIMENSION.

00014960

00014970
00014980

00014990
000L150C0
00015010
00015020
00015030
00015040
00015050
00015060
00015670
00015080
00015090
0C015100
00015110
0Cc0l15120
00015130
00015140
0CO015150
0C015160
00015170
00015180
00015190
00015200
00015210
00015220
00015230
0015240
00015250
60015260
00015270

00015280
00015290
00015300
00015310
0C015320
00015330
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100

200

201

61

71

f

g TENSOR VECTOR ARGUMENT.
P COMPUTED SUMMED VECTOR,
INFEGER (ROD,N

CCUBLE PRECISICON USTORI{1),P{1},Q{l)

INTEGER 1,J4,K,1U

OQUBLE PRECISION QI:QJ:QK;QIJ C

CC 100 i=1,N
PLI) = 0.D0

U =0

IF(ORD.GT.2)60 TO 201
DC 200 I=1,N

Ql = @t

00 200 J=1,1

IL = U+t

€ = USTOR(IU)

PLI) = P(I) + C2Q(J)
IF{JNELTIP(J} = P{J} + C*GI
CONTINUE

RETURN

D0 3C0 I=1+N
I = Q1)

00 300 J=1,1
QJ = Qi N
CIJ = Qi=»Qy
GG 3C0 K=l,J
QK = QiK)

IU = Tu+1l

C = USTOR(IW)

PLL) = PLI) + C*Qu*gK
[F(K.EQ.4)G0O TO 61

PLEY = PLI) + CxQJ%QK

GC 10 7]

IF(J.EQ.IIGO TO 300

PUJ) = P(J) + 2.D0#%C%G1y
GO TC 300

PIK) = P{K} + Cx*QIy
IFLJ.EQ. TGO TO 3CO

PlJ) = PLJ) + 2.00%Ceyl%QK
PIK) = P{K) + C*QliJ

300 CCONTINUE

00015340
00015350
00015360
cQoL15370
00015380
00015390
00015400
00015410
00015420
00015430
00015440

00015450

00015460
00015470
00015480
00015490
00015500
00015510
00015520
00015530
00015540
00015550
00015560
00015570
00015%80
00015590
000156G0
GO015610
0G015620
00015630
00015640
00015650
00015660
00015670
0Q015680
00015690
00015700
00015710
goots720
00015730
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100

161

171

200

RETURN
END

SUBROUTINE USUMZI{USTOR,NyG1l,Q2,P}
COMPUTE P(I)} = USTOR(I ¢ JoKI®Q1L1J)*Q2{K) .
USTOR = TENSOR STORAGE ARRAY.

N = TENSOR DIMENSION.

C1,G2 = TENSOR VECTOR ARGUMENTS.

P = COMPUTED SUMMED VECTOR.

INTEGER N

DCUBLE PRECISION USTOR(L)4Q1{1),Q2(1),P(1)
INTEGER l,0.K,1U

CCUBLE PRECISION C

DO 100C I=1.N

Pil) = 0.D0

IU = ¢

D8 200 1=1.,N

00 200 Jd=1.1

DO 200 K=l.J

IV = [Uu+l
C = USTOR(IU)
PUL) = PL{1) + C*Ql{J)*Q2{K)

IF(K.EQ.4IGC TO 161

PUIY = PUI) + C*QLIK)I*Q2(J)

GO 70 171

IFtJ.EQ.1)G0 TO 2CO

PUI) = PUI) & C#UQLI(T1%Q2(0}+QLtJ)*Q2(I))
GO TO 200

PIK) = PIK) + C2QL{11%Q2(J)

IF(J.EQ.T}GO TO 2C0

PUJ) = PLJ) & CRIQLUII*Q2(K)+QLIK)I*Q2(1))
PIK) = P(K) + C*Q1(J1%*Q2(1)

CONTINUE

RETURN

END

SUBROUTINE PLCOMP(NN.CQSTAR,CQDOT+PROLPR1sPP)
COMPUTE 2ND ORDER FUNDAMENTAL LOAD TERM PP USING FUNDAMENTAL

00015740
00015750

€0015760
00015770
00015780
0gecl15790
00015800
00C15810
00015820
00015830
00015840
00015850
60015860
00015870
00015880
00015890
aQ015300
00015510
00015920
00015930
00015940
06015950
00015960
00015970
00015980
£C015990
00016000
00016010
00016020
00016030
00016040
00¢16050
00016060
00016070

00016080
0C016090
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UISPLACEMENTS (REFERENCE VALUES CQSTAR AND RATES Gancm)y .

NN = TOTAL SYSTEM COF.

CCSTARIT)Y = CURRENT CUMULATIVE NCDAL DISPLACEMENT AT NCOE 1.
CCCCT(I} = NCDAL LDISPLACEMENT RATE AT NODE .

PRO,PRYl = PRESSURE FACTORS AT START,END CF LCAD STEP.

PP{1) = COMPUTED PSUED( FORCE TERM AT DOF I.

CRD = MAXIMUM TYENSOR ORDER TC BE USED FGCR DIFFERENCE EXPANSION.

NEL,N5,NF = NUMBER OF ELEMENTS,STRAIN COMPONENTS,DCF PER NODE.
ELNO(Js[) = NODE NUMBERS FOR ELEMENT 1.

EGEOM{J, 1)} = GEOMETRIC PROPERTIES FOR ELEMENT 1.

T(I) = THICKNESS OF ELEMENT 1.

EPRESS = NONCONSERVATIVE CODE = 0,1 FOR NO PRESSURE, PRESSURE.

PRREF(f) = PRESSURE INTENSITY ON ELEMENT [ FQR PRESSURE VECTOR.

COMMCN/COMCRD/CRD/COMNEL /NEL /COMNS /NS /COMNF /NF
CCMMCN/COMEL/ELNO/COMEG/EGEOM/CONT/T
COMPON/COMIPR/IPRESS/COMPRR/PRREF

INTEGER NN,ORD,NEL, NS,NF,ELNC(3,1},IPRESS

CCUBLE PRECISION QGSTAR(1)yGQGDT!ll,PRO'PRI.PP(I].EGEU#(B;IJ'T(llt

IPRREF(]1)
INTEGER NF2,NF3, [UZ2,1U341,11,M

CCUBLE PRECISION V2CsQSTARI(9),QDOT(9},0STAR(E),DDCT(6),ESTAR(3),
1EO0T13laASTARI3yﬁ),A10CTI3'6).STGRA(3}.STORBI3).STGRM(6).6(6'9’;

2P (9) 4USTAR(20)
OCUBLE PRECISICN CUSCL yVSTARIE)},VOCTLO) ,VI{3),V2(3},v3L3)

NF2 = NF%2

NF3 = NF#3

U2 = 2 + NS

IU3 = U2 + NS%(NS+1)/2

DO 5 I=1sNN

PPITY = 0,00

CO 1600 1I=14+NEL ‘

V = HDO*T(IT)*EGECM(1,I1)*EGEQM(2,11)}
FORM FUNDAMENTAL REFERENCE QUANTITIES
CALL QFILL(NFL ELNC(1,11),CCSTAR,GSTAR)
CALL OFILL{NF,EGEOM(1,1]1),QSTAR,DSTAR)
CALL AFILLINF,DSTAR,ASTAR, 1)

CALL EFILL(NF,DSTARLESTAR)

FCRM STRESS—STRAIN TENSCRS

CALL UFILLI{TT,0RD,ESTAR,USTAR)

FCA™ FUNDAMENTAL RATE GQUANTITIES

00016100
0Q016110
00016120
00016130
0CO016140
00016150
CQ016160
00016170
C00le180
00016190
0co0is200
00016210
GC016220
00016230
00016240
00016250
00016260
00016270
00016280
0001629¢G

Q0016300 -

00016310
Q0016320
00016330
00016340
00016350
GC0146360
00016370
00016380
00016390
00016400
00016410
C0016420
C001643¢C
00016440
00016450
00016460
00016470
Co0l6480
000164990
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L)

25
30

105
110

112
il4a

115
120

205
210

501

505

CALL QFILLINF,ELNC(Ll,E1),4QDCT,QDCT}
CALL DFILLINF,EGEQM{L,11),4D0T,DD0QT)
CALL AFILL(NF,CDOT,ALlDOT,0)

CC 30 I=1,4NS

C = 0.D0

DO 25 M=1,NF2

€ = C + ASTAR(I,M)I2DDOT (M)

ECOT(I} = C

FORM STCRM = DO PORTION OF DISPLACEMENT
CALL USUMI(2,USTAR(IUZ)NS,EDOT,STCRA)

£C 110 I=1.+NF2

C = 0.00

N0 105 M=1,NS

C = C ¢+ STORA{M)}*ALDOT(MLE)
STORM{I)} = 2.D0%C

DO 114 I=1.NS

€ = 0.00

OC 112 M=1,NF2

C = C +« AIDOTU{I,M)*0DCT(M)
STORB(I) = C

CALL USUM1I{2,USTAR(IUZ)+NS,STORB,STORA)

OC 120 [=1,NF2

C = 0.D0

EC 115 M=1,NS

C = C + STORA(M)I*ASTAR(N,I)
STORMII) = STURMII) + C
IF{ORD.LT.3)G0O TC 501

ACD D)1 PORTION OF QISPLACEMENT DERIVATIVE PSUEDC FORCES TO STORM
CALL USUM1(3,USTAR{IU3)NS,EDOT,STCRA}

DO 210 I=l,NF2

L = C.D0

00 205 M=1,NS

C = C + STORA(M)*ASTAR(M,I)
STORM{I) = STORM({I) + (C

COMPUTE ELEMENT FORCES P(Il}) = VOLUME INTEGRAL OF G{M4I)*STOCRMIM)

CALL GFILL(NF,EGECM{L,11).G)
DG 510 I[=1,NF3

C = 0.00

DO 505 M=1,.NF2

C=C %+ GIM I)XSTORM(#M;

DERIVATIVE PSUEDQO FORCES

000165C0
060016510
00016520
00016530
00016540
00016550
0016560
Co0165170
coci6580
00016590
0C016600
00016610
00016620
00016630
00016640
00016650
00016660
00016670
00016680
00016630
00016700
00G16710
00016720
00016730
0016740
00016750
00016760
0C016770
00016780
00016790
04016800
00016810
0C01682¢0
0C016830
00016840
60016850
00016860
00016870
00016880
00016890
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910 P(I}Y =

610

1000

Cry
IF(IPRESS.EQ.01GO TO 1CCO
ACD NONCONSERVATIVE PRESSURE FCORCES TO P

VSTAR(L) = EGEOMUIL,II) + STAR{4) - QSTAR{1}
V5TAR{2) = QSTAR(5]) - . GS5TAR{2)

VSTAR{3) = QSTAR{s) - CSTARL )

VSTAR{(4) = EGEOM(3,11) + QSTAR(?7) - CGSTARL(])
VSTAR(5) = EGEOM{2,11) + QSTARtB) ~ QSTAR(2)
VSTARI6) = QSTAR{9) - (CSTAR(3}

VCOT (1} = QDOT{4) - QDOTY(1)

VCOT(2) = QDOY{S) - QCCT(2)

VCCOT(3) = QDOT(&) - QRCY(3)

VOOT(4) = QDOT{7}Y - QDCT{L)

VCCT(5) = QDOT{(B) ~ LUCT(2)}

VCOT(6) = QDOT{9} - QDCT(3)

CO = PRO*PRREFI(II)/3.D0

L1 = (PRI-PROI*PRREF(IL[)/3.D0

CALL VCRCSS{VDOT,VSTAR(4),V1)

CALL VCROSS{VSTAR,VDOT(4},v2)

-CALL VCROSS(VDOT,VCOT(4),V3)

CC 610 I=1,3

C = CIeIVIIII+V2(I)) + CO%*V3{I)

PLLY = P{}) - C

P(I+3) = P{1+3) - C

PlI+&} = P{]+5) - ¢

ACD ELEMENT FORCES P TD SYSTEM FORCES pp
CALL PFILL{NFyELNC(Ll.iL),P,PP) R
RETURN

END

SUBROUTINE RATES(KNAT:PI:NN'KFD,RP'PRO.PRI,LSIGN.RL,RRL,RQ'RRQ!
COMPUTE 1ST AND 2ND PATH RATES FOR LGCAD DIRECTION VECTOR RP.
LCAD PARAMETER RATES = RL,RRL. DISPLACEMENT RATES = RGsRRQ.
KMAT = SYSTEM JACOBIAN STIFFNESS MATRIX.

Pl = TEMPORARY FORCE STCRAGE VECTOR.

NN = TOTAL SYSTEM LOCF,

KFOUI} = FORCE-DISPLACENENT-CONSTRAINT SPECIFICATION FCR DDF .
RP{I) = RESICUAL LUAD {LOAD STEP) AT DOF I.

PROyPR1 = PRESSURE FACTCRS AT START,.END OF LCAD STEP.

00016900
00016910
00016920
00016930
00016940
00016950
00016960
00016970
00016980
00016990
00C17C00Q
00Q17010
00017020
CC017030
00017040
00017050
00017060
00017070
0Cc017080
GC017090
00017100
000i7110
00017120
00017130
00017140
Q0017150
00QlL7160
ccot7170
00017180

00017190
0c0i7200
gool721i0
goGivr220
00017230
00017240
CCC17250
00017260
goo17270
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49
50

55

60

80

LSIGN = +,—-

RLsRRL =

RUE1)oRRQUI) = COMPUTED 1ST,2ND CROER DISPLACEMENT RATE AT DOF I.

CCMPUTED

IFf LCAD PARAMETER IS

INCREASINGyCECREASING.
LOAD PARAMETER 157,2ND ORDER RATES.

CC{l) = CURRENT CUMULATIVE OISPLACEMENT AT DCF 1.
CCMMON/COMQQ/QQ
INTEGER NN,,KFD(1)

DOUBLE PRECISION RP{1)+PRU,PRL,LSIGNyRL,RRL+RG{L},RRQ{1),QQ(1),
1KMAT (KN ,NND,PL1(1)

INTEGER |

DOUBLE PRECISION RSIGN
CALL SOLVE{KMAT ,NN,KFC,RP,RQ)
CALL PICOMPINN,GQGQ,RQ,PRO4PRL,P1)

RL = 0.D0
RRL = 0.D
GC 50 I=1
TFIKFO(IL}

0
s NN
«LTL.Q)GO

10 49

RL = RL + RPIUII*RG(I)
RRL = RRL + PL{I)Y®*RQ(I)

GC TC 50
PLI{I}) = O
CONTINUE

.00

CALL SOLVE (KMAT,NN,KFD,P1,RRQ)

DO 55 I=1

IF{KFDI1).GT.O}RRL

CONTINUE
RSIGN = 1

+ NN

DO

= RRL + RPLII*RRQGID)

IFIRLLTLOLDOIRSIGN = -1.00

RL = RSIG

N/RL

RRL = RSIGN%RL#*%2%RRL%*,500

UG 60 I=}
RRG{1) =

+ NN
RRL*RC{ )

- RL*RRGI(T)

RL = LSIGN*DSQRT(RL)

DO 8O I=1
RQUI}) = R
RETURN
END

SUBROUTINE STEPU{LSIGN+RL +RRLINNsRQ+RRQ s JUMPR ,MJUMP,NJUMP,DSLOPE,
LPATHLARS)

o NN
L*RY(])

c0017280
00017290
00017360
gcol173t0
00017320
00017330
Q017340
00017350
00017360
00017370
0Co17380
00017390
00017400
00017410
00017420
00017430
CQOCL7440
00017450
00017460
00017470
00017480
00017490
00017500
GCOoL7510
00017520
00GL7530
Q0017540
00017550
00017560
00017570
00017580
00017590
00017600
00017610
¢0017620
00017630

00017640
00017650
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10

COMPUTE PATH = PATH DISTANCE, LAMS = LOAD STEP SIZE.

LSIGN = #+,~ IF LOAD PARAMETER IS INCREASING,CECREASING.

RLsRRL = 15T74+2ND CRDER LOAD PARAMETER RATES.
NN = TOTAL SYSTEM {OF.

RG(IY,RRQ{I) = 1ST,2ND ORDER DIAPLACEMENT RATES AT DCF 1.
JUMPR = FRACTION CF LGAD INCREMENT PRECEEDING LIMIT POINT

AT WHICH LIMIT IS TO 8k TRAVERSED.

MJUMP = MAXIMUM NUMBER CF INCREMENT OIVISIONS TO PERFORM WHEN

NEARING A LIMIY POINT,

NJUMP = CURRENT NUMBER CF INCREMENT DIVISIONS TO PERFCRM WHEN

NEARING A LIMIT PCINT.

OSLOPE = MAXIMUM SLUPE RATIO (CHANGE/AVERAGE)} DURING LUAD STEP.

PATH = COMPUTED PATH STEP SI1ZE TO BE TAKEN.
LAMS = INPUT MAXIMUM,CCMPUTED ACTUAL LOAD STEP SIZL.
INTEGER NN,MJUMP ,NJUMP

CCUBLE PRECISION LSIGN+RLyRRLYRQULI,RRQ(1) y JUMPR yDSLOPE +PATH, LAMS

INTEGER N, I
DCUBLE PRECESTON SLIM,LAMLIM,PREC,DSLOP,CR,CRR,C
IF{LSIGN*RL.LE.0.DQ)STCP 601
IF(RL*RRL.GEL0.DO)GO TO 21

POSSIBLE LIMIT POINT
SLIM = -RL/RAL
LAMULIM = DABS{SLIM®RL + .SDOXSLIM*%2%RRL)
CHECK CLOSENESS OF LIMIT POINT
IFE{LAMLIMLLTLJUMPR)IGO TO 11
IFCLAMSLT.LAMLIN/MJUNPIGO TO 21

LIMIT IS CLOSE. TAKE FRACTIQONAL STEP JUMP
NJUMP = NJUMP-]
IF(NJUMP LT 2)INJUMP = 2
[F{LAMS.LT.LAMLIMIGO TG 7 '
STEP IS LARGER THAN LIMIT. JUMP TOWARD LIMIT VALUE.
LAMS = LAMLIM/NJUMP
G0 10 10
STEP IS SMALLER THAN LIMIT. JUMP TCWARD STEP VALUE.
N. = NJUMPXLAMS/LAMLIM + 1
IFINLEQ.LINJUMP = NJUMP+]
LAMS = LAMS/N

LAMS = LSIGN*LAMS
PATH = (-RL+LSIGN*DSQRT(RL*%2+2.,D0#LAMS®RRL) ) /RRL
RETURN :

00017660
00017670
00017680
00017690
00017700
00017710
00017720
00017730
00017740
00017750
00017760
00017770
00017780
00017790
00017800
00017810
00017820
CC017830
00017840
00017850
00017860
00017870
00017880
60017890
00017960
00017910
00017920
00017930
00017940
00017950
00017960
00017970
00017980
00017990
00018000
00018010
00018020
C0018030
00018040
00018050
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11

21

50

51

LIMIT IS5 VERY CLOSE. TRAVERSE THE LIMIT PCINT

NJUFMP = MJUMP+]
LSIGN = -LSIGN
LAMS = 0.0D0
PATH = -2.D0%RL/RRL
RETURN
LIMIT IS NOT CLOSE. CHECK SLOPE CHANGE FOR ALLOWABLE STEP
NJUMP = MJUMP+]
CR = 0.D0
CRR = 0.00

DC 50 I=1,NN

CR = CR + DABS(RQ{IMN
CRR = CRR + DABSI(RRGI(1))
LSIGN*LAMS

LAMS =
PREC = DABS{2.00%LAMSHRRL/AL%*%2)
IF(PREC.LT.1.0-8}PATH LAMS /RL
IF{PREC.GE.1.D-8}PATH

DSLOP = PATH*RRL
DSLCP = DSLOP/{RL+.5D0*CSLOP)
C = PATH#CRR

C = C/(CR+.5D0%C)
IF(DABS(CSLOP).LE.OSLCPE.ANDLCLLEL.DSLOPE}RETURN
LAMS = L,S5CO0%LAMS

IF(DABS(LAMS).LE.1.0-3)STOP 602

GC 10 51

END

SUARCUT INE CIGENL(NNNCODE,QQDELT4SCREV,CUPOSTyLAM,PRG,PRL,PP)
FOCRM POSTBUCKLING LOAD TERM PP USING FUNDAMENTAL DISPLACEMENTS
(REFERENCE VALUES CQSTAR AND CRITICAL INCREMENT QQDELT) AND
PCSTBUCKLING DISPLACEMCNT EIGENVECTOR (GCPOST.

NN = TOTAL SYSTEM DOF,

NCCDE = 0s1 FOR LINEAR,NONLINEAR EIGEN SOLUTI1ON.

CQDELTLI) = ESTIMATEL INCR.
SCRIT = ESTIMATED (NCREMENTAL PATH VALUE TO CRITICAL PCINT.
QQPCSTUI) = ESTIMATED BUCKLING DISPLACEMENT AT DOF 1.

LAM = ESTIMATED INCREMENTAL LOAD PARAMETER VALUE TO CRITICAL PT.

PRO,PR1 =
pPilL) =

PRESSURE FACTCRS AT START,END GF LCAD STEP.
COMPUTED RIGHT-HANC-SIDE FCR INVERSE POWER ITERATION.

CISPLACEMENT AT CUF 1 TC CRITICAL PT.

c0018060
ocolsoro
00018080
¢001809¢C
0C018100
¢ool8110
00018120
00018130
00018140
0Q018150
C0Cl8160
00018170
gool18180
¢oc18190
00018200
00018210

(=RL+LSIGN*OSQRT(RL#*%242.D0*L AMS*RRL } )} /RRLOOOLB22C

€C018230
00018240
00018250
00018260
coo1827¢0
00018280
60018290
00018300
00018310

00018320
c0gts33lo
0C018340
00018350
(0018360
¢ools3ro
¢gale3so
00018330
0C018400
00018410
00018420
00018430
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CRE = MAXIMUM TENSCR CRCER TC BE USED FOR DIFFERENCE FEXPANSI{ON.

NEL ¢y NSeNF NUMBER OF ELEMENTS,STRAIN CCOMPONENTS,DOF PER NODE,
ELNO(Js1) NODE NUMBERS FOR ELEMENT |.

EGEOM(Jy 1) = GEUMLYRIC PRUPERTIES FOR ELEMENT .

TAT) = THICKNESS OF CLEMENT .

COSTARCT)Y = CURRENT CUMULATIVE DISPLACCMENT AT DUF [,

IPRESS = NONCONSERVATIVE CODE = 0,1 FOR NC PRESSURE,PRESSURE.

[TR]

PRREF(I) = PRESSURE INTENSITY ON ELEMENT [ FCR PRESSURE VECTOR.

COMFCN/COMORD/ORD/COMNEL /NFL/COMNS /NS /COMNF /NF
CUNFQN/CUHEL/ELNQ/CUMEG/EGEUH/CDPTfT/CDMQQ/QQSTAR
COMMON/CEOMIPR/TPRLESS/(CMPRR/PRREF

INTEGER NN yNCODEsURDyNELyNSoNFLELNC(3,1),1PRESS

DOUBLE PRECISION QQDELT{1)+SCRIT,QQPOST(L) yLAM,PROJPRL,PP(1)
CCUBLE PRECISICN EGECM{341)+T{1),QCQSTARLL)4PRREF(1)

INTEGER NFZ24,NF3,[UZsTU,I11 M

00018440
00018450
c0018460
go0l18470
00018480
00018490
GCo18500
00018510
00018520
00018530
C00l&540
£C018550
00018560
ccoLes7qQ
00018580

DCUBLE PRECISICN vyC,GSTAR(9),Q0ELTI9),CPOST(9),DSTAR{6),DDELT{6},00018590

lDPOST(6),ESTAR(3 ) +EDELTU{3),EPCST{3),ASTAR(3 461 AIDELT(3,6),

ZALPCST(3461+STCRA{3) 4STCRBU3).STORMI6) 4G(6,9),P{9),USTAR(20),CA

CCUBLE PRECISION CO+ClsVSTARTE) 2 VOELT(6) VPOSTI6),V1(3},V2(3),
1v3(3),vali3)

NF2 = NF#2

NF3 = NF#3

Iy2z = 2 + NS

U3 = TU2 + NS*(NS+1)/2

0C 5 J=14KN

PPLY) = 0.D0

CC 1C00 II=1.NEL

V = 5DO*T(II)*EGECM{L,IT)%EGEDOM(2,11}
FCRM FUNCAMENTAL REFERENCE QUANTITIES
CALL QFILLUNF ELNG{1,I1),QQSTAR,QSTAR)
CALL DFILL(NF EGEOMIL,TI),CSTAR,CSTAR)
CALL AFILLUINF4DSTAR,ASTAR, 1)

CALL EFILLINF,USTAR,ESTAR)

FCRM STRESS-STRAIN TENSCRS

CALL UFILL(IT.ORD,ESTAR,USTAR)

FORM FUNCAMENTAL CRITVICAL INCREMENT QUANTITIES
CALL QFILLUINF ELNC(LyII),QQDELT,QDELT)
CALL DFILLUNF,EGECM(L,I1),QDELT,DDELT)
CALL AFILL(NF,DDELT+AL1DELT,C)

DO 20 I=1+NS

00018600
00018610
00018620
00018630
CCOL&640
00018650
00018660
CO018670
00018680
00018690
00018700
00016710
00018720
00018730
00018740
00018750
00018760
00018770
00018780
00018790
CCO18800
00018810
60018820

| 00018830
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15

20

25
30

102
104

105
110

115
i20

125

C = 0.D0

0O 15 M=]1,.NF2

CA = ASTAR(I M)
IFI{NCODE.GT.0)CA
C = C + CA#DDELTIM)

EVELTLI)

FCRM POSTBUCKLING EIGEN QUANTITIES
CALL QFILLINF,ELNO(L,11),CQPCST,QPOST)
CALL DFILLINF,EGEOM{1,i1),QPOST,DPOST)
CALL AFILL(INF, DPGST:AIPGST o)

CC 30 I=1.N5S

C = 0.00

00 25 M=1,NF2

CA = ASTARI(I M)
IF(NCODE.GT.0)CA
C = C + CASDPOST (M)

EPOSTIT)

FORM STORM
DC 104 I=1,4NS

C = 0.D0

CC 102 M=]1,NF2
C = C + ALDELT{,M

STORB{(I)

CALL USUMI{2,USTAR{IUZ2),NS,STORB,STORA)
DC 110 iI=L,N¥2

C = 0.DO

bc 105 M=1,
C = C + STORA{M)I®ASTAR(M,1)

STORM{T)

CALL USUMLI(2,USTAR(IUZ) ¢NS,EPOST,STORA)
GC 120 I=1,NF2

C = C.00

BC 115 M=1,4NS

C = C + STORAIM)SAILIDELT(M,1)

STORM{[) « C

CALL USUML{2+USTAR{IUZ) ¢NSHEDELT,STORA}
DO 130 I=1sNF2

STORNMLT)

C = 0.00

DO 125 M=1,NS
C = C + STORAIM)®ALIPOSTIM.I)

«IC0¥SCRIT*AIDELT(1,M)

CA + SCRIT#*AIDELT{I,M)

DG PORTION CF DISPLACEMENT CERIVATIVE PSUEDO FURCES

J*DPCST M)

00018840
£0018850
00018860
Q018870
Q018880
00018890
000189C0
00018310
00018920
€0018930
cC0018940
00018950
00018960
Qco18970
0g018980
C0018990
0g019000
cooivolo
00019020
c0019030
0019040
00019050
00019060
£o01s070
00019080
00019090
000139100
06019110
00019120
gQo19130
0019140
00019150
00019160
00019170
co0ot9180
0019190
00019200
00019210
006019220
00019230
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130

205
210

215
220

225
230

501

505
510

STCRM{IL) = STORMLI) + C
[FIORD.LT.3)GO TO 501

ACD D1 PORTION OF DISPLACEMENT DERIVATIVE PSUEDD FQRCES TO STORM

CALL USUMZ2I(USTAR(IU3) NS,EPOSTLEDELT,STCRA}
D0 210 I=1,NF2

C = 0.D0

DO 209 M=1,NS :

C = C ¢ STORA{M)#ASTARINM,I)

STORM(I) = STORM{I) + C
IFINCODE.EC.0IGD TO 501

EC 220 1= 10NF2

C = 0.D0

OO0 215 M=1,4NS

C = C + STCRA{M)®AIDELTI{M,])

STORM(I) = STORM(I) + SCRIT%C

CALL USUMI(3,USTARI{IU3) «NS,EDELT,STORA}
D0 230 I=1,NF2

L = 0.0D0

D0 225 M=]1,NS

C =C + STORA(M)*ALPOST(M,])

STERM{I) = STORM(I) + .SDO*SCRIT#*C

CCMPUTE ELEMENT FORCES P{I) = VOLUME INTEGRAL

CALL GFILL(NFL.EGEGNM{1,113,6G)

DO %10 I=1,NF3

C = Q.00

0O 505 M=1,NF2

C = C # G(M,[)*STORM(M)

PiI) = C»v

IF(IPRESS.EQ.OIGO TO 1000

ACC NUNCONSERVATIVE PRESSURE FORCES 7O P

VSTAR(1)} = EGECM{1,11) + QSTAR(4) - QSTAR(L)
VSTAR(2) = QSTAR(5) - QSTAR(2)

VSTAR(3) = QSTAR{6) - CSTAR{3) :
VSTAR{4) = EGEOM(3,11) + USTAR(7) - QSTAR{L}
VSTARIS) = EGEOM{2,1I) + QSTAR{8) - QSTAR(2)
VSTAR{6) = QSTAR(9) - (STAR{3)

VOELTI(1) = QDELT{4} ~ GDELT(L)

VCELT(Z) = QCELT(S) - QUELT{(2}

VCELTI3) = QDELT{6} - QDELT{(3)

VDELT(4) = QDELT{7?) - GDELT(1}

OF GIM,1)*STORM(M)

00019240
00019250
00019260
00019270
00019280
00019290
00019300
00019310
00019320
00019330
00019340
00019350
00019360
00013370
00019380
00013390
00019400
00019410
00019420
00019430
00019440
00019450
00019460
00019470
00019480
000194930
00019500
00019510
00019520
06019530
00019540
00019550
00019560
gcol9570
00019580
00019590
00019600
0CO19610
00019620
00019630
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610

1C00

VCELT({5)
VDELT(6}
VPOST (1)
VPOST(2)
VPCST{3)
VPOST{4)
VPCST(S)
VPOST(6)

[ LI T | I T N 1

1]

QDELY (8}
QDELT(9)
QPOSTI(4)
QPOST(S5)
QPOST (&)
QrPOSTILY)
QPOST(8)
QPOSTI9)

QRELT{2)
QDELT(3)

QPOST(1}

GPCST(2)
QPCSTE3)
QPOST(1}
QPOST(2)
GPOST(3)

CALL VCROSS[VSTAR VPDSF(4);V1)
CALL VCROSS(VPGSTyVSTARl#)pV2)
CALL VCRUSSIVDELT.VPOST{4),v3)
CALL VCROSSUIVPCST,VDELT{4),¥4)

CO = LAM*(PR1-PRO)®PRREF(II}/6.D0

Cl = PROXPRREF(11)/6.00
[F(NCODE.GT.0)C1 =
00 610 1=1,3

C = Cox{viiI)+valin
P{1) = PLI}

PlI+3) =
PlI+6) =

ACD ELEMENT FORCES P TC SYSTEM FORCES PP

-C
PII+3) - C
Plise) ~ C

Cl + SCRIT=CO

+ C1®(V3(I)+val(l))

CALL PFILLINFLELNCI{1yI1)4P,PP}

RETURN
END

SUBROUTINE EIGEN{UGsKMAT ,P1,QO0yNN,KF(, PRO PR1+RL RRLyRQJRRUy

KFD(I) =
pRO’PRl =
RL¢RRL =

IMEL,MEZ2HERRLHERRZ,EIGLYQ14N)
SCLVE FOR EIGEN LOAD EIG1,

Ul = QUTPUT UNIT FILE.

KMAT = SYSTEM JACOBIAN STIFFNESS MATRIX.

Pl = TEMPORARY FORCE STORAGE VECTOR.

€0 = TEMPORARY DISPLACEMENT STORAGE VECTOR.

NN = TOTAL SYSTEM DOF.

FORCE-DISPLACEMENT-CONSTRAINT SPECIFICATION FCR DOF 1.
PRESSURE FACTORS AT START,CND OF {CAC STEP,.

15T +2ND CRUER LOAD PARAMETER RATES.

AND VECTCR Q1 WITH MAX.

INCEX VALUE N.

RCIII4RRQ(I) = 1ST,+2ND GRDER OISPLACEMENT RATE AT DCF 1.

MIl,MI2 =
ERANR14ERR2

MAXIMUM ERROR FOR LINEAR)LINEAR+NONLINEAR SOLUTION.

€0019640
00019650
G0019660
00019670
C00l19680
00019690
00019700
0019710
00019720
cCc019730
0C019140
00019750
0019760
0g018770
€Cco19780
00019790
cC019800
00015810
00019820
00019830
00019840
goor98s50
00019860
00019870

cCco19880
00019890
00019900
goo19910
0C0199240
00019930
00019940
00019950

- 00019960

00019970
CG0199840
00019990

MAXTMUM LTERATIONS FOR LINEAR,LINEAR+NUNLINEAR SOLUTION.QQC20000

00020010



EIGl = COCMPUTED CIGENVALUE (CRITICAL PATH VALUE). 0Qo20020

FS-0

GLIT) = ITH COMPONENT COF EIGENVECTCR {BUCKLING DISPLACENENT)- 0Q02Q0030

N = DOF COF LARGEST Q1 COMPONENT. 00020040
CCMMON/ COMNF /NF 00020050
INTEGER UONNGJKFDUL)yMI14MI2Z,N 0C020060
DOUBLE PRECISION KMAT{NN,NN),P1{1},G0{1},PR0O,PR], 00020070
IRL,RRLRQ{1)4yRRQ(L)yERRY,ERR2,EIGL,QLl(1) 00020080
INTEGER I.NI 00020090
DCUBLE PRECISION EIGO,MAX1,DL,.C 00020100
201 FORMATI1H ,'EIGENVALUE = *,D15.8,5X,'00F OF LARGEST COMPONENY (OF EQ0QZ20110
LIGEN VECTOR = *,15) 0CQz20120
NI = O 00020130
NCODE = 0Q 00020140
EIGL = 0.00 QQ020150

CO S5 I=1.NN 00020160

5 QI{1) = 1 00020170
i1 EBICO = EIGI 00020180
oL = RL } : 00020190
[FINCODE.GT.OIBL = DL + .SDO*EIGO%RRL 0002G2C0

DO 2C I=1,NN 00020210
Co{I) = QLI 0C024220
QLII) = RQ(I) 0020230
IF{NCODE.GT.0)QL{1) = QL{I} + .SCO*EIGO*RRQI(I) 00020240

20 CONTINUE 00020250
CALL EIGENLINNSNCCDEGLyEIGO,00,CLyPROLPRL,PL) 0CcD20260
NCD = NN/NF 00020270
CALL CUTPQ{&4NODyNF,PL,Q0) 00020280

CC 90 I=1.,KkN 00020290
fF{KFOl1).LT.OMPLLI) = C.10 00020300

S0 CONTINUE 00020310
CALL SOLVE{KMAT yNNSKFL+PLl4GQL) CC020320

N =C 00020330
MAX]1 = 0.D0O 0020340

DG 70 I=1,NN 00020350
IFIDABSIQLITN)LLE.CABSIMAXLIIIGO TO 70 £C020360

N o= 0Q020370
MAXL = QlL(I) ao020380

70 CCNTINUE 06020390
MAX]1 = 1.DC/MAXY 00020400
EIGL = -MAX] 00020410



60020420
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zlelalslalelesEslaNuEalaNlalaNeNa¥ el

[F(KFOIN).NE.NIN = KFD(N)
DC 1C0 E=1,NN 000206430
CI(I) = QLI1)%=MAX] 00020440
WRITE(UC,2011EIGL,N 00020450
NI = NI+l 00020460
C = DABS{(EIGL-EIGG)/EIG]) 00020470
[F{NCODE+GT+0oAND {NT2GE+MI240R.CoLELERR2) JRETURN 00020480
IF(NCODEEGaOeAND (NI.GE.MI1.0R.C.LELERRL}INCODE = 1 00020490
GO To 11 00020500
END _ 00020510
SUBROUTINE POST2(NN,QQCRIT,GQDCT,CCPOST,LCRIT,LOOT,PRO,PRL PP, 00020520
LKODE) 06020530
FORM 2ND ORDER PUCSTBUCKLING LOAD TERM PP (=P21,P22 FCR KODE=1,2). 00020540
NN = TOTAL SYSTEM DOF. 00020550

CQCRIT(I) = PREDICTED TOTAL DISPLACEMENT OF DOF [ AT CRITICAL PT. 0C020560
CCDCT(1) = PRECICTED CISPLACEMENT RATE OF DOF I AT CRITICAL PT. €C020570

CUPOST(I) = UTH DESPLACEMENT OF CRITICAL BUCKLING EIGENVECTOR. acczosao
LCRIT = PREDICTED LOAD PARAMETER VALUE AT CRITICAL POINT. 06020590
LDOY = PREGCICTED LCAD PARAMETER RATE AT CRITICAL POINT. €€020600
PRO,PR1 = PRESSURE FALTORS AT START OF LGCAD SYEP,CRITICAL POUOINT. 00020610
PP{1) = COMPUTED PSUECC-FORCE TERM AT DOF 1. 00020620
KGDE = CODE FOR DUAL USE OF SUBRGUTINE. 000206390
ORQ = MAXIMUM TENSCR ORDER TO BE USED FOR DIFFERENCE EXPANSION. 00020640
NEL¢NSyNF = NUMBER OF ELEMENTS,STRAIN COMPCONENTS,DCF PER NODE. 00020650
ELNG{JsI} = NODE NUMBERS FOR ELEMENT 1, 00020660
EGEOM(Js1} = GECMETRIC PRUPERTIES FOR ELEMENT 1. 00020670
T(1) = THICKNESS OF ELEMENT 1. 00020680
IPRESS = NONCONSERVATIVE CODE = 0,1 FOR NO PRESSURE,PRESSURE. 00020690
PRREF(I) = PRESSURE INTENSITY ON ELEMENT [ FCR PRESSURE VECTOR. Qgo20700
COMMON/CCMORD/CRO/COMNEL/NEL /COMNS/NS/COMNF/NF ccozot10
COMMON/COMEL/ELNO/COMEG/EGEOM/CONMT /T ¢Qg020720
COMMON/CCMIPR/IPRESS/CCMPRR/PRREF 00020730
INTEGER NN KUDE+ORDyNELyNS NFLELNC{3,1},IPRESS 00020740
CCUBLE PRECISICON GQCCRIT(1),QQDCT(1)+QQPOST{L) LCRETLLDOT,PRO,PRL, 00020750
LPPUL1)+EGEOM(3,1}+T{1),PRREFI(1) _ 00020760
INTEGER NF2,NF3,TU2,TU3,1,1[,M 0co20770

OCCOUBLE PRECISICN VyCoQCRIT(9),QDCT(9),QPCST(914DCRITI6),0D0T{6)y, 00020780
1DPOSTL6) 4ECRIT(3)EDOT(3),EPOST(3),ACRITI(3,6)4A100T13,6), 00020790



96-2

1501

1910

1920

15
20

1AlPGSTl3a6!:STDRAI3l'STORB(3}|STURM(61oG[ﬁtQ)sP[Q),UCRIT(ZO)
CCUBLE PRECISION CCrCLaVCRIT{6),VDCTL6) 4 YPOSTIE),V1I(3),V2(3},
1v3(3),v4(3)

NF2 = NF%2
NF3 = NF#*3

Iuz = 2 + NS

IU3 = TU2 + NS®{NS+1)/2

Lé 5 [=1,NN

PPLT) = 0.0D0

DO 1000 Ii=1,NEL .

V = JS5DO*T{II1)*EGECM{L,IT1)}*EGEOM(2,11)}
FCRM FUNCAMENTAL CRITICAL QUANTITIES
CALL QFILLUNF,ELNCI1,I01),CQCRIT,QCRIT)
FORMAY({ 1HO,9E14.7)
WRITELO6,190L){QCRIT(I),I=1,NF3}

CALL DFILLI{NF,EGEGM{1,11),0CRIT,DCRIT)
WRITE(6,1901)(DCRETLI),I=1,NF2)

CALL AFILLINFCCRIT,ACRIT,1}

00 1910 1=1,3

WRITE(64 1901 M ACRITHI yd)ed=1,NF2)

CALL EFITLLINFL,OCRIT,ECRIT)
WRITE(6,1901)}(ECRIT(I)y1=143)

FORM STRESS-STRAIN TENSCRS

CALL UFILLI{II,0RD,ECRIT,LUCRIT)

FORM FUNCAMENTAL RATE QUANTITIES

CALL QFILLINF,ELNC{1l,11),4QQD0OT,QCOT)
WRITEL6,41301)(QDOT(I),1=1,NF3}

CALL DFILL(NF.EGECM{Ll,I1),G0CT,000T)
WRITE(6, 1901 (COOT(1),1=1,NF2}

CALL AFILL(NF,DDOT,A1CQOT,0)

DU 1920 I=1,23
WRITE(6491901)(ALDOT(1,J)4J=1,NF2)

DC 20 1=1,NS

C = 0.D0

LC 15 M=1,NF?2

C =C + ACRIT(I,M})=DDRCT(M)

EQOT{I) = ¢

WRITE(64E90L) (EDCT(I),1=1,3)

FCRM POSTBUCKLING EIGEN QUANTITIES
CALL QFILLINFLELNO(L,11),4QPOST,QPOST)

00020800
06020810
00020820
00020830
06020840
00020650
00020860
6C020870
00020880
00020890
00020960
00020910
00020920
00020930
00020940
00020950
60020960
00020970
00020980
00020990
00021000
00021010
00021020
00021030
06021040
00021050
00021060
000210670
00021080
00021090
00021100
0C021110
00021120
00021130
00021140
00021150
00021160
00021170
00021180
00021190



LG=D

1930

25
30

102
104

105
110

115
120

125
130

WRITE(6451901)(QPCST{I)I=1,NF3)
CALL OFILLINF,EGEUM(1,I1),QPCST,DPCST)
WRITE(6,190LHIDPOSTH{I)»1=14NF2)
CALL AFILL (NF,DPOST,ALPCST,0)

£C 193¢ I=1,13
WRITE(6,19011(ALPOSTFIId)ed=1,NF2)
DC 30 [=1,NS

C = 0.00

DO 25 M=1,NF2

C = C + ACRIV{IM)*DPOST(M)
EPCSTILIY = C :
WRITE{6,1901){EPOSTHI)s1=1,3)

FORM STORM = DO PORTION OF DISPLACEMENT DERIVATIVE PSUEDO FORCES

00 104 [=1,NS

C = C.00

DO 102 M=1,NF2

C = ¢ + ALDOT(I+M)*DPOSTIM)

STORB{I} = C

CALL USUMLI2,UCRIT{IUZ)+NS,STORB,STORA)
DO 110 I=1,NF2

€ = 0.00

OC 105 M=1,NS

C = C + SYORAIMI*ACRITINM,])

STORM(I) = C
WRITE{6,1901){STORM(I}I1=1NF2)

CALL USUMLI{Z2,UCRIT{IU2)4NS,EDCT,4STCRA)
DO 120 I=1,NF2

€ = 0.D0

D0 115 M=]1,NS

C = C + STORA(MY=ALPOST(M, ])

STDRM(EY = STORMI{I) + C
KRITE(6, 1901} (STORM{I)} »I=1,NF2)

CALL USUMI(Z,UCRIT(IUZ2})+NSH,EPOST,STORA}
DO 130 I=1.NF2

C = 0.00

DO 12% M=1,NS

C =C + STORA(MI*ALDCT(M,I)

STORM{I) = STORM(I) + C

WRITE{6+ 1901 H{STORM( ) 1=21yNF2)
IF{ORD.LTL31GO TO 501

0CGZ1l2C0
geoziz?2lao
c0021220
00021230
00021240
00021250
00021260
00021270
00021280
00021290
cCo21300
coo21310
00021320
00021330
00021340
00021350

- 00021360

00021370
00021380
00021390
00021400
00021410
00021420
00021430
00021440
0C021450
00021460
00021470
00021480
00021490
00021500
¢0021510
€0021520
00021530
00021540
00021550
00021560
00021570
CC021580
00021590
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205
210

501

505
510

ACO D1 PCRTION CF CISPLACEMENT DERIVATIVE PSUEDD FORCES TO STDRM

CALL USUM21I(UCRIT(IU3),NS,EDCT,EPCST,STORA)
0C 210 I=1.NF2

C = 0.D0

CC 205 M=1,NS

C = C + STORA(MI®ACRIT(M, [}

STCRM{I}) = STORM{I) + C

CCMPUTE ELEMENT FORCES P({Il) = VOLUME INTEGRAL OF G{M,I)*STORM(M)

CALL GFILLINF,EGECM({1,11).G)

DO 510 I=1,NF3

C = 0.D0

CO 505 M=1,NF2

C=0C + GIM, 1)*STCR® (M)

PII) = Cwv

WRITELS6,1901)(P{T)yI=1+NF3)
IF{IPRESS.EQ.01GO TO 1¢CCO

ADD NONCONSERVATIVE PRESSURE FORCES TO P

VECTF(1l) = QBOTI(4) - QDCTH(1)
VEOT(2) = QDOT(5) - QDCY(2)
voaT(3) = GDCT{6) - QDCT1{3)
veoTil4) = QDOT(TY - GDCT(L)
viovis)y = @bOv(8) - QOCTi2)
vCeOoT(6) = QDOY(9) - QDCTL{3)
VPOST(1l) = QPOST(4) -~ CPOSTI(1)
‘VPOST(Z2) = QPOST{5) — QPCST(2)
VPOST{3)} = QPOSTI6) ~ QPOST(3)
VPOST(4) = QPOSTIT7) - QPOSTI(L)
VPCST(5) = QPOST{8B) - QPGST(2)
VPCST{&) = QPOSTI{9) — QPCSTI(3)

CO = (PRO + LCRIT*(PR1-PRO))*PRREF{II}/6.00
¢l = 0.00

CALL VCROSS(VDOTVPOST{4),V1)

CALL VCROSS(VPOST,.VOOT(4),v2)
IF{KCDE.EQ.2)G0 TO 601

VCRIT(Ll} = EGECM{1,11) + QCRITt4) - QCRIT(1)
VCRIT(2) = QCRIT(5) ~ QCRIT(2)
VCRIT(3) = QCRIT(6} - QCRIT(3}
VCRIT{(4) = EGEOM(3,11) + QCRIT(?) - QCRIT(1)
VCRIT(5) = EGECM{2,11) + QCRIT(8) - QCRIT(2)
VCRITI6) = QCRIT(9) - QCRIT(3)

00021600
0o0cle6l0
00021620
00021630
00021640
00021650
00021660
0C021670
00021680
00021690
0021700
coo21710
00021720
00021730
00021740
00021750
00021760
00021770
000211780
00021790
00021800
00021810
€C0021820
00021830
¢0021840
0021850
00021860
goGz1870
acoz2188Q
00021890
00021900
G0G2191¢0
00021920
00021930
00021940
00021950
00021960
00021370
0eGg21980
08021990
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i alaNeislalalolalsleNelsRaN et ol oW ol e]

601

€10

10060

Cl =

LDOT*{PR1~PRO}*PRREF{I1)/6.D0

CALL VCRUOSS({VCRIT,V¥POST(4),V3)
CALL VCROSS(VPOST,VCRIT{4),v4)
0C 610 I=1,3

C = COXIVLITI+V2L{T1)) 4 Cle(VvaI{T)eva(l))
PLI) = PII) - C

PlLI+3) = P(I+3) - C

P(I1+6} = P(l+6) - C

ACC ELEMENT FORCES P TC SYSTEM FCRCES PP
CALL PFILLINFLELNCIL,I1),P,PP)

RETURN
END

SUBRCUTINE PGST3(NN,QQCRIT,QQDCTL,+CQPOSL1.QQDCT2,QQP0S2,5P0OSTL,

ILCRIT, LOOT14LDOT2,PRO,PRL,PP)

FCRM 3IRD ORDER POSTBUCKLING LCAD TERM PP,

NN =
CCCRIT(H)
«QoeT1I( D)
CEPOSLLT)
QeboTva( 1)
cQrcsSetl)
SPOSTL =
LCRIT =

157
PRECICTEC LDAD PARAMETER VALUE AT CRITICAL PCINT.

TOTAL SYSTEM DOF.

PREDICTED TCTAL DISPLACENMENT
CRITICAL 1SY

OF COF 1 AT CRITICAL PT,

ORDER DISPLACEMENTYT RATE AT CUF .

ITH EIGENVECTOR VALUE (1ST OROER POSTBUCKLING RATE).
CRITICAL 2ZNC ORDER DISPLACEMENT RATE AT COF 1.
ITH VALUE OF 2ND ORDER POSTBUCKLING DISPLACEMENT.

ORDER FUNCAMENTAL PATH RATE.

LOOTY = 1ST ORDER LOAD PARAMETER RATE AT CRITICAL POINT.

LUCYF2 =

PP{L) =

ZNC ORCER LOAC
PRO4PR} =

PARAMETER RATE AT

CRITICAL POINT,.

PRESSURE FACTCRS AT START CF LCAC STEP.CRITICAL POINT.

COMPUTED PSUEDC FORCE TERM AT

LoF 1.

ORD = MAXIMUM TENSCR ORBDER TO BE USED FOR DIFFERENCE EXPANSION.
NUMBER OF ELEMENTS,STRAIN COMPONENTS,DOF PER NOOLE.

NELsNSeNF

ELNC{J, 1)
EGEONM{J, I
Tery =

PRREF(T)

=
-

NODE NUMBERS FOR ELENENT 1.
= GEOMETRIC PROPERTIES FOR ELE

THICKNESS OF ELEMENT 1.
IPRESS =

MENT 1.

NONCONSERVATIVE CODE = 0,1 FOR NG PRESSURE,PRESSURE.

PRESSURE INTENSITY ON ELENENT

i FCR PRESSURE VECTOR.

COMMCN/COMOROD/CRO/COMNEL /NEL/COMNS /NS /COMNF /NF

COUMMPON/COMEL /ELNG/COMEG/EGEGM/COMT/T

CCMMON/CCMIPR/IPRESS/CCMPRR/PRREF
INTEGER NN,ORD,)NELNSoNF.ELNO{3,1),IPRESS

00022C€00
00022010
00022020
00022030
00022040
60022050
00022060
04022070
Q0022080
00022090
000221060
gggz2tto

Qoo22120
00022130
06022140
GC022150
00022160
€gQ22170
00022180
CCQ22190
0co0222¢0
¢g022210
00022220
00022230
0C022240
cagczzzso
00022260
00022270
00022280
00022290
00022300
€0022310
00022320
0022330
00022340
00022350
00022360
00022370



DCUBLE PRECISION CQCRIT{1),QGDCTLI(1),CGPCSL1{1),QQD0T2(1), 00022380
iCQPUSZ(1)vSPOSTl,LCRIT:LDOII1LDOF?,PRO;PR1:PP(1).EGEEM(3'1).7lli' 0002239¢

ZPRREF(1) 00022400
INTEGER NF2,NF3, U2y IU3,1,11,M 00022410
CCUBLE PRECISION ¥,C4QCRITI9),QDOT1(9),QPOSTLI9),QCCT219}, 00C22420

1GPOST2(9},D0CRITI6),D00TL(6),DPOSTI(6),0DCT216),DPCST2(61), 00022430

ZECRIT(Bl'EDOTI(B)stPOSTl(3)’EDDTZ(33;EPUSTZI3!,ACRIT{3'61. 00022440

g9-o

15
20

3ALDUT1(3.61,A1PGSI(3.6lpAlDUT2{3,6).AlPGSZ(3;6}'STURA€3}.STDRB(B)-OOOZZ#SO

45TORMIG)2G1699)4PLI),UCRIT(20) 00022460
DCUBLE PRECISION L0,L1,C2,VCRIT(6),VDOT1(6),VPOSTL(6),VDOT216), C0022470
1VPUST2(6)'VLI3ivV2(3)pV3{31'V4{3!:V5(3},V613igV7(3l.VB(B],V9(3), 00022480
2VI0L3),VI103),v12¢3),v13(3) ) CC022490
NF2 = NF#2 00022500
NF3 = NF#*3 00022510
62 = 2 ¢+ NS 06022520
[U3 = TU2 + NS*{NS+1)/2 00022530
DO 5 I=14NN 00022540
PPtI) = 0.00 00022550
0Q 1000 TI=1,NEL 00022560
V = JS5D0%T{ITI*EGECM{1,IT)*EGECM(2,]11) 00022570
FCR¥ FUNDAMENTAL CRITICAL QUANTITIES €0022580
CALL QFILLUINF,ELNO(L,11)4QQCRIT,QCRIT) 00022590
CALL DFILL(NF,EGEOM({L,I1),QCRIT,CCRIT) 00022600
CALL AFILLINF,CCRIT,ACRIT,1) 00022610
CALL EFILLINF4DCRITLECRIT) 00022620
FORM STRESS-STRAIN TENSORS 0022630
CALL UFILL{II CRD4ECRIT,UCRIT) 0022640
FCRM 15T ORDER FUNCAMENTAL RATE GUANTITIES 00022650
CALL QFILLINF,ELNC(1,18),QG00T1,Q00T1} 00022660
CALL DFILLINF.EGEOM(1,I1),CDCTL,C0CTL) 00022670
CALL AFJLLINF,CDOTL,A1DCT1,0) 00022680
DG 20 I=1,4NS 00022690
C = 0,00 00022700
£C 15 M=1,NF2 00022710
C =0 + ACRIT(I,M)*0DCT1(M) 060022720
£EDarLeLy = C 00022730
FCRM 1ST ORDER PUSTBUCKLING RATE CUANTITIES 00022740
CALL QFILLINF,ELNO(1,11),QQP0S1,QPOSTL) 00022750
CALL DFILL(NF,EGEOM(L,11),QPOSTL,DPOST]) 00022760

CALL AFILL(NF :DPOST1,ALPOS1,0)

cgo227170



19-0

25
30

35
40

45

50

102
104

105
110

GO 30 I=1,4NS

C = 0.00

£a 25 M=1,NF2

C = C + ACRITUI,M)*DPOSTL(M)
EPASTI(I} = C

FORM 2ND ORDER FUNDAMENTAL RATE QUANTITIES

CALL JFILLINFLELNC(1,11),QC00CT2,Q0CT2)
CALL DFILLINF4EGEGM{1,11),QDCT2,0DCT2)
CALL AFILLINF,CDOT2,A1D072,0)

OC 40 E=1,NS

C = 0.D0

CC 3% M=],NFZ

C = C + ACRIT(I,M)*DCOT2(M) + AIDOTI(IM)I%DDCTL(M)

ELOTZ2{1) = C

FCR¥ 2ZND ORDER POSTBUCKLING RATE QUANTITIES

CALL GFEILLANFL,ELNC{1,11),QQPCS2,QP0O5T2)
CALL OFILLI(NF,EGEQOM{1,11),QPCST2,DP0ST2)
CALL AFILL(NF,DPOST2,A1P0S2,0C)

DG 50 I=14N5

C = 0.00

D0 45 M=]4NF2

C = C + ACRIT(I,M)*DPOST2(M) + ALPOSL(I+M)*{CPOSTLI{M)
LSPOSTLI*COCT1(M}) )

EPOST2(1) = C

FORM STORM = DO PORTION OF DISPLACEMENT CERIVATIVE PSUEDO FORCES

N0 LG4 I=1,NS

C = 0.00

CC 102 M=]14NF2

C = C + ALPOSLITM)I2D0CT2(M}

STORB(I) = C

CALL USUMLI(Z2,UCRITLIU2)yNS,STDRB,.STORA)
DC 110 I=1.NF2

C = 0,00

CC 105 M=1,NS

C = 0 + STORAIMI*ACRIT(M™, 1)

STORM{TI) = SPOSTLl#%%2%(C

CALL USUML(2 UCRITIIUZ)+NSL,EPOSTL,STORA)
£C 120 1=1,NF2

C = 0.00

DO 119 M=1,NS

+ 2.00%*

00022780
00022790
00022800
€0022810
00022820
00022830
00022840
00022850
00022860
00022870
00022880
00022890
0C022900
00022910
€0022920
£0022930
00022940
00022950
00022960
00022970
00022980
00022990
00023000
00023010
06023020
00023030
00023040
€0023050
00023060
00023070
00023080
00023090
00023100
00023110
Gooc23120
00023130
C0023140
00023150
00023160
00023170



¢8-0

115
120

125
130

132
134

135
140

145
150

155
160

162
164

L = C + STORA(M}ZALDOT2(M,1)

STORM{T) = STORM(1) + SPOSTi®%2%(C

CALL USUMI{2,UCRITIIU2),NS,ECOT2,STORA}
OC 130 I=1,NF?

C = 0.00

DO 125 M=1,NS

C = C + STORA(M)*ALIPOSLIM, 1)

STORM{I) = STORM{I) + SPOST12%2%(C

D0 134 I=1,4NS

C = 0.00

CC 132 M=1,NF2

C = C +« AlDOTICL,M)%DPUST2(M)

STORB{I1) = C

CALL USUML{2,UCRIT(IUZ)¢NS, SVGRB'STGRA)
DC 140 I=1,NF2

L = 0.00

CC 135 M=]1,NS

£ =C + STORA(M)*ACRIT‘F;Il

STORM{UIY = STORM{I) + SPOSTLI#C

CALL USUMI{2,UCRIT{{U2}sNS,EDOTL,S5TORA}
CC 150 I=1,NF?2

£ = 0.D00

OD0 145 M=]1,NS

C = C + STORA(M}I#*ALIPOS2{M,])

STCRM{I) = STORM{I) + SPOSTL=®C

CALL USUM1{2,UCRIT{IUZ2) NS,EPOST2,STCRA)
£C 160 I=1,NF2

C = 0.00

DE 15% M=]1,NS

C =¢C + SIDRA(Hl*AIDUTI(MII,

STCGRMUT) = STORM{1l) + SPOSTI=*C

D0 164 [=1,NS

C = 0.D0

£C 162 M=],NF?2

C = C +« ALPOSIUI,M)*DPOST2(M)

STORB(I}Y = €

CALL USUMLI{2,UCRIT(TIUZ)+NS,STORB,STCRA}
DC 170 I=1,NF2

C = 0.D0

OG 165 M=1.NS

00023180
€0023190
00023200
00023210
00023220
00023230
00023240
00023250
00023260
00023270
00023280
00023290
0G023300
€c0z23310
€0023320
00023330
00023340
00023350
00023360
00023370
00023380
00023390
00023400
00023410
00023420
00023430
00023440
00023450
00023460
00023470
00023480
00023490
00023500
00023510
00023520
00023530
€€023540
00023550
00023560
00023570



£9-0

165 € = € + STORA(MIZACRIT(M,!) 00023580

170 STORM(L) = STORMII) + C ‘ C0023590
CALL USUMI(Z2,UCRITIIU2)+NS»EPOST1,STCRA) €CC023600
CO 180 I=1.NF2 00023610
€C = 0.D0 00023620
00 175 M=1,NS 00023630
175 € = C + STORA(M)*ALPCS2{(M,I) 00023640
180 STORM{1) = STORM(I) + C 00023650
CALL USUMLI{2,UCRIT{IU2)«NS,EPCST2,5TQORA} 00023660
DC 190 1=1.NF2 00023670
C = €.0D0 0c023680
0OC 185 M=] NS 00023690
185 C = C + STORA(M)I*ALIPOS1I(M, ) 00023700
190 STORM{I) = STOR/MI(I) + C c00231710
IF(ORD.LT.3)GC TC 501 000237120
ACD C1 PCRTION COF DISPLACEMENY DERIVATIVE PSUEDO FORCES TO STORM  G0023730
CALL USUM2I(UCRIT{IU3) ,NS,.EPCSTI, EDOTZ STORA) 06023740
OC 210 I=14NF2 000237150
C = 0.00 00023760
DO 205 M=1,NS 000237170
205 C = € ¢+ STCRA{M}*ACRIT(M, D) 00023780
210 STORMUTI) = STORMII) + SPOST1#%2%(C 00023790
CALL USUM1{3,UCRIT{(IU3),NS,EDOT1,STORA) €C023800
BC 220 I=1,NF2 _ 00023810
€C = C0.0DC Q0023820
DO 215 M=14NS 00023830
215 £ = € + STORA(M}#ALPOSLIM, ) 00023840
220 STUORM{I} = STORM{I) + SPOSTL#%2%( 00023850
CALL USUMZ2I(UCRITUIU3Z) JNSHEPOSTLLEDCTL,STORA) €CC023860
DO 230 I=1,NF2 000238170
C = 0.00 €0023880
D0 225 M=1,4NS 00023890
225 € = C + STORAU(M)*ALDOTL(M, ) 00023900
230 STORM(I) = STORM{T) + 2.00%SPOSTL*%2%( 00023910
CALL USUM2L{UCRIT{IU3),NS,EDCTL,EPCST2,STCRA) 00023920
D0 240 [=1,NF2 00023930
C = ¢.DO 00023940
CC 235 M=1,NS 00023950
235 C = C + STORA(M}*ACRIT(M,I) 60023960

240 STORM{I) = STORM(I) #+ SPOSTILI*C : 00023870



$9-~0

245
250

2595
260

265
270

275
280

501

505
510

CALL USUMLI3,UCRIT{IU3)NS,EPCST1,5TCRA)

DO 250 [=1.NF2

C = 0-00

EC 245 M=]1,NS

C = C + STORA(M)*ALDCYIL(M, 1)
STORM(I) = STORM{I) + SPOSTL*C

CALL USUMZI(UCRIT{IU3},NS.EDCTL4+EPCSTL,STORA)

CC 260 I=1.NF2

C = 0.00

DO 255 M=1,4NS

C = C + STORAIMI®ALPOSL(M, 1)

STORM{I) = STORM(L) + 2.D0*SPQOSTL*L
CALL USUMZ2L(UCRIT(IU3),NS,EPOSTL,EPOST2,STORA)

CC 270 I=1,NF2

€ = C.0O

DO 265 M=]1,NS

C =0C + STCRA(M)I*ACRIT(M,I)
STORM{T) = STORMII) + C

CALL USUMLI(3,UCRIT(IU3)yNS,EPOSTL,STORA)

00 280 [=14NF2

C = 0.00

DC 275 M=1,NS

C = C +« STORA{M)I*ALIPOS1(My1)
STORMLT) = STORMII) + C
CCMPUTE ELEMENT FORCES P(I)} =
CALL GFILLINF,EGEUM(L,y111,+6)
DC 510 [=1.NF3

C = 0.D0

00 505 M=1,NF2

C = C + GIMyT)XSTURMI(N)
PLI) = C#»v
IFLIPRESS.EQ.0)GO TO jcco

ACD NONCONSERVATIVE PRESSURE FORCES TO P
EGECMILlsI1) ¢ QCRIT{4) -~ QCRITHI1)

VCRIT{L)
VCRIT(2)
VCRIT(3)
VCRIT(4)
VCRITHLS)
VCRIT(a)
vooriily

QCRITI5) - QCRIT({2)
GCRIT(6) - QCRIT(3)

H 4 B i u n

QCRIT(9) - GCRIT(3)
QDOTli4) ~ QCOTL(1)

VGLUME INTEGRAL OF GI{NM,1}%STORMIM)

EGEOM(3,11} + QCRIT{7) - QCRIT({1}
EGEOM(Z2,11) + QCRIT{8B) - QCRIT(2)

¢0023980
00023990
00024000
00024010
00024020
00024030
€0024040
C0024050
00024060
00024070
0C024080
00024090
00024100
00024110
00024120
00024130
000241490
00024150
00024160
00024170
00024180
00024190
00024200
00024210
00024220

00024230

GCo24240
00024250
00024260
00024270
0C024280
00024290
c0024300
00024310
C0024320
00024330
00024340
00024350
00024360
00024370
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vioT1i2)
VCOTL13)
vOCT1(4)
VCeTi5)
VOOTLI(6)
YPOSTLLL)
VPCST1(2)
VPOSTi(3)
VPCST1i4)
VPOSTLL(S)
VPCSTL(6)
veoradl)
VbCT2(2)
VECT2(3)
vDooT2(4)
vioT2is)
VCOT2(6)
vePOST2( 1)
vPOSTZ2(2)
vPOsST2(3)
VPOSTZ214)
VPOST2(5)
VPOST216)
Ca = (PRO
Cl
C2

noH

How tion o

oo hon

QLOT1(5)
QDOT1{&}
QDOTLL7)
Qparvi(a)
DaTL{9)

-

GCcoviiz}
GCCT1143)
oot )
GDoT12)
GooTL3)

QrPOSTL L4)
CGPOST1(5)
QPOST1is)
QPOSTLIAT)
QPOSTL(8)
QPOST1{9)

QPOSTLIL)
uPosST1{(2)
GPCOST1L3)
CPOSTLII)
QPOSTL(2)
GPCST113)

QUOTL(4)
QDOTL(3)
WDCT1(é)
QDOYLE(7)
QDOT1(8)
qooTi(9)

Qoaricl)
barit 2y
QCCTL{3)
QDCY1(1)
QDOT1L2)
QOCT1i3)

H o W1 non

-

QPOST2(4)
QPCST21{5)
QPOSTZ2i6)
QPEsT2{1)
wPosT2(8)
arPOSY2I9)

LCRIT*{PRi~-PRO})I®PRREF{11)/6.00
LOOT1#({PR1-PRO)I*PRREF{I1}/6.0C
LOOT2*(PR1-PROV*PRREF(II)/6.DO

-

QPCST2L1)
cPCST2(2)
QPOST2(3)
QPOST2(1)
QPOST2{2)
QPOST2(3}

CALL VCROSS{VDCT2,VPOST1{4),V1l)
CALL VCRCSS{VPOSTL,VDCT2i{4),v2)
CALL VCRCSSI(VDOTL.VPCSTL{4),V3)
CALL VCROSS(VPOST1,VDOTLl{4)4V4)
CALL VCROSSI{VCRIT,VPOSTL(4),V5)
CALL VYCRCSS{VPCST1,VCRIT({4},V6)
CALL VCROSS(VDOT1,vPOST2(4),VT7)
CALL VCROSS(vPOSYZ,vDOT1l(4).vE)
CALL VCROSS{VLRIT,VPOSTZ2(4),V9)
CALL VCROSS(VPCST2Z2,VCRIT{4),.,V10)
CALL VCROSSUVPOSTL,VPUSTL(4),v1L)
CALL VCROSS{VPOST2,VPOSTL(4},V12)
CALL VCROSS{VPOSTL,VPOSTZ2{4),Vv13)

CC 610 I=1.3

00024380
00024390
00024400
00024410
00024420
00024430
0C024440
00024450
00024460
00024470
£0024480
00024490
00024500
00024510
00024520
00024530
00024540
00024550
00024560
00024570
00024580
0€024590
00024600
00024610
00024620
00024630
00024640
00024650
00024660
00024670
00024680
00024690
00024700
00024710
00024720
00024730
00024740
00024750
00024760
00024770
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C

oo OO OO0 CoOon

610

1000

C = CORIVLUII#NV2LTI4VTILI4VBLII+VI2(E)+V1I3(1)) ¢ CL*(2.D0%V3(])
142.000v401)+VI(II4VIO(TI#2,00%V1II(I)) + C2H(VS(I)+vall))

PLI) = Pt1) - C

P(I+3) = P(I+3) - (

PlI+&) = Pll+6) - C

ACD ELEMENT FORCES P TQO SYSTEM FCQRCES PP

CALL PFILLINF4ELNG(L,IL),P,PP)

RETURN

END

SUBRCUTINE PRATES(KMAT Pl 01 4P24Q2 NN IPCST,KFD,SCRIT,
1CQCRITQGQDOT1,GQDCT24,LCRIT,,LOQTL,LDOT2,PRO,PR],
2CCPOSL,LPDOSTLCCPUS2,LPOSTZ,5QP0S3)

COMPUTE POSTBUCKLING RATES FCR LCAD PARAMETER AND DISPLACEMENTS.

KMAT = SYSTEM JACOBIAN STIFFNESS MATRIX.

PleQlyP2902 = TEMPORARY STORAGE VECTORS.

NN = TOTAL SYSTEM DOF.

I1POST = DOF OF LARGEST EIGENVECTOR COMPONENT.

KFO{T} = FORCE-DISPLACEMENT-CONSTRAINT SPECIFICATION FCR DOF .

SCRIT = PREDICTED CRITICAL VALUE CF FUNDAMENTAL PATH.

CCCRIT(I) = PREDICTED CRITICAL VALUE OF DISPLACEMENT AT

CCDCTLL1),QQ00T2(1) = 1ST,2ND CROER CRITICAL FUNDAMENTAL

DISPLACEMENT RATE AT CCF 1.

LCRIT = PREDICTED CRITICAL VALUE CF LOAC PARAMETER,

LCOY1,L0072 = LST,2ND CRDER CRITICAL LOAD PARAMETER RATES.

PRO+PR]1 = PRESSURE FACTORS AT START OF LGAD STEPLCRITICAL PUINT.

LPOCSTL,LPOSTZ2 = CCMPUTEC 1ST2ND ORDER PCSTBUCKLING LCAD RATES.

QUPOSLIt1),CQPOS2(1).QQPOS3(I}Y = 1ST,2ND,3RD CRDER POSTBUCKLING

DISPLACEMENT RATES AT DOF 1.

‘NF = DOF PER NODE.

CCMMON/ COMNF /NF

INTEGER NN,IPOST,KFD{1)

COUBLE PRECISION KMAT(NN NN} oPLIL)}QLIL1)4P2U1)4yQ241)+SCRIT,
LQQCRIT(1),0Q00TL(1},QQDOT2(1) yLCRITLLOOTL,LOCT24PRO,PR1,
2CQPOSLI1) 4LPOSTE CQPOS2(LYLPOST2,CGPOS3LLY

INTEGER |

COUBLE PRECISION CN,CO,SPDST1,5pP0572

SCLVE FOR 15T CORDER DISPLACEMENTS

BG 10 I=1,4NN

DOF 1.

00024780
0024790
00024800
0C024810
00024820
00024830
0C024840
00024850
00024860

00024870
00024880
000242890
000249GC0
00024910
00024920
00024930
00024940
00024950
00024960
00024970
00024980
00024990
00025000
00025010
00025Q20
(0025030
00025040
00625050
00025060 -
00025070
00025080
00025090
00025100
00025110
00025120
00025130
00025140
00025150



£L9=0

16 PILI) = 0.00

110

120

130

210

PLIIPOST) = 1.D0O

CALL SOLVE(KMAT ,NN,KFD,P1,CQQP0OS1)

NCC = NN/NF

CALL QUTPQ(6sNODWNF4PL,GQPDS])

SCLVE FOR 157 ORDER LGADS AND 2ND CGRCER DISPLACEMENTS
CALL POSTZ{NN,CQCRIT,CCOCTL,CQPUS1+LCRIT,LDCTL,PROJPRLsPLs1)
CALL POST2(NNsQUCRIT,QUPOS1,QQPOSL,LCRIT,LLDOT1,4PRO, PRI:PZ,ZI
CALL QUTPQ(6,NODyNF,P1,P2}

CN = 0.D0

CC = 0.00

DC 110 I=1+NN

CN = (N + QQPOS1I(II*P2LI)

CC = CD + CQPOSL(L)*PLLID

SPOSTL =.500%CN/CD

LPOSTL LDOTLE*S5PASTL

DC 120 [=1,8N

IF{KFO{I)}.GTLO)GC TO 120

#1t1) = 6.D0

P2{1) = 0.00

CCNTINUE

CALL SOLVE{(KMAT,NN,KFD+PLsQ1)

CALL SOLVE (KMAT ,NN,KFU,P2,Q2)

CALL GUTPQU6,NDDWNF4P1,P2)

CALL OUTPQU64NODyNF,G1,Q2)

DO 130 I=1,NN

QQPOS2{I) = -(2.DQ*SPASTLI*C1(1) + Q2t1))

CALL CUTPQ{&64NODyNF,QQLCCT2,C0QP0S2)

SCLVE FOR 2ND ORDER LGACS AND 3RD CRDER DiSPLACENMENTS
CALL POST3(NN,QQCRIT,QCDOTL,CQPOS], QQDUTZ'QQPBSZ.SPOSTIO

oW

LLCRITLOCTL,LDOT2,PRO4PRILP2)

CALL QUTPQIHNODJNF,QQCRIT,P2)

CALL DUTPQU64NODNF,QQUCTL . QQPOS])

CN = 0.00

CO 210 I=1+NN

CN = CN + QQPOS1(I)%P2(1)

SPOSTZ -CN/CD

LeosT2 LOOT1#SPOST2 + LDCT2%SPLSTL%%2
00 220 I=1,.NN

IF{KFD{I}.GTL.0)GO TO 220

Itou

00025160
00025170
00025180
00025190
000252¢C0
00025210
G0025220
000252130
00025240
00025250

00025260 -

00025270
00025280
00025290
00025300
00025310
00025320
00025330
00025340
060025350
00025360
00025370
60025380
00025390
00025400
00025410
00025420
00025430
Q0025440
00025450
00025460
00025470
(0025480
00025490
00025500
Q0255140
00025520
€CC025530
00025540
00025550
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2240

230

Peti) = ¢.DO

CONTINUE

CALL SOLVE{KMAT 4NN,KFC,P2,0Q2)
CALL OQUTPQI6+NOC/NF,P2,Q2)
CO 230 I=1,NN

CGPOS3{I) = =3.DO{SPOST2%QL(I) + Q2(I))
CALL CUTPG(64NODNF,QQPLCS3,4GPOS3)
RETURN

DEBUG INITI(SPOSTL,LPOSTL,SPOST2,LPCST2,CN,CD)

END

DCUBLE PRECISICN FUNCTICN VDOT{V1,V2)

COMPUTE VECTOR OCY PRODUCT VOOV = vl DOT v2.
DOUBLE PRECISION Vvi(l),v2(1)

VEOT = VI{1)*V2{1) + V1(2)%v2(2) + V1{3)*v2(3)
RETURN

END

SUBROUTINE VCROSS{VIeV2ZyVV)
CCMPUTE VECTOR CROSS PRCODUCT VI X V2 = vv,
CCUBLE PRECISION VI(1),V2(1),vV(1)

VVi{l) = V1{2)%v2(3) - V1(3)%y2{2)
VVvi2) = Vi(3)%v2{l) - v1(l)*®v2{(3)
VVi3) = VIID)I*V2(2) - V1(2)%y2(1}
RETURN

END

‘CCUBLE PRECISION FUNCTICN VLENTH{IV)

COMPUTE VLENTH = LENGTH CF VECTCR V.

COUBLE PRECISION vil)

VLENTH = DSQRTI{VI1)%%2 + v(2)#%2 + V(3)*%x2)
RETURN

END

SUBROUT INE VNORM{V,vV)

CCMPUTE NORMALIZED UNIT VECTCR VYV FROM GIVEN VECTOR V.

€0025560
00025570
00025580
00025590
ago25600
0002%610
00025620
00025630
00025640
00025650

00025660
€C0025670
00025680
00025690
00025700
00025710

00025720
00025730
00025740
00025750
00025760
00025770
00025780
00025790

400258C0
060025810
00025820
00025830
60025840
00025850

00025860
00025870
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OO0 OO 0O0

CCUBLE PRECISION V{1).VVil}.C
C = DSQRT(V(L)*%2 + V(2)%%2 + V(3}*¥2)

IF{C.LE.0.DOYC = 1.D0O
vil) = v(l1)/C

vvi2) = v(2)1/C

vwi3) = vi(3)/C

RETURN

END

SUBROUTINE MERGE{(KMATLELNGsKFD¢NELsANyNF)
GENERATE AND MERGE ELEMENTAL MATRICES INTO GLOBAL MATRIX KMAT,

ASSUMES ELEMENTS HAVE 3 NODES,
KMAT = GLOBAL

MATRICES MAY BE UNSYMMETRIC.

(FCTAL SYSTEM) MATRIX, WHILH MAY BE UNSYMMETRIC.

ELNO(Je1) = NODE NUMBERS FOR CLEMENT I.

KFO({I) = FORCE-DISPLACEMENT-CONSTRAINT SPECIFICATION FOR DOF 1.
KFO{I} = +4- = SPECIFIEC FCRCE,DISPLACEMENT.

KFO(I) = +-1 INDICAYES INOEPENDENT DOF.

KFDII) = +«J INDICATYES DEPENDENT FREEDOM WHOSE DISPLACEMENT IS

CONSTRAINED TO EQUAL CISPLACEMENT AT J.

NEL =
NN =
NF =

NUMBER OF ELEMENTS.
TOTAL S5YSTEM DOF =
DOF PER NCDE.

NUMBER OF NCOES TIMES NF.

GENERS ROUTINE GENERATLES ELEMENTAL MATRIX.

INVEGER ELNO(341)sKFD{1)+NELsNNyNF

DCUBLE PRECISION KMAT(NN,NN)

INTEGER TE I adoIleJ)elUsdCylI0,JJCsIP2JPpINJIN,ILOC,TILOC
DCuBLE PRECISICN K{9,9)

JERD OUT GLOBAL MATRIX

DO 5 II=14NN

DC 5 JJ=1+NN

y KMAT(I1,.J4)

= 0.D0

DO 100 IE=1,NEL
CALL GENERBIIE,K)
IPyJP ARE PARTITICN ROW,COLUMN NUMBERS.,

&0 1006
IN =
IC =

P=1,3

ELNO( £P 4 1E)
NF*IP — NF

110 = NF#iN - NF
BC 100 JP=1,3 : -

00025880
00025890
00025900
00025910
00025920
00025930
00025940
000255950

00025960
00025970
00025980
00025990
00026000
00026010
00026020
00026030
00026040
€0026050
00026060
00026070
00026080
00026090
00026100
00026110
60026120
00026130
00026140
00026150
00026160
00026170
00026180
00026190
00026200
00026210
00026220
00026230
00026240
00026250
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alslaNsNeNaNaNale

50
100

180

180
200

N = ELNOU(JP,LE)
JO = NF8JP - NF
JJO = NF®JN - NF
MERGE PARTITION
DC 50 1=14NF

DO SO J=14NF
KMAT(II0+1,4J0+4) =
CONT ENUE

ACD CONSTRAINED ROWS AND COLUMNS TCO INDEPENDENT ROWS AND COLUMNS
DC 200 ILOC=1,NN

[1LOC = KED(ILDC)

IF(IILOC.LT.ONTILOC = -11LOC

IF(ITLOC.EQ.ILOCIGC TO 200

OC 180 I=1,NN
KMAT{I,11LOC)
DO 190 J=1,NN
KMAT{I1LOC,d)
CONT INUE
RETURN

END

INTO GLCBAL MATRIX

KMATU{TI0+41,JJ0¢J) ¢ K(IO+1,J0+J)

i

KMAT{L,IILCC) + KMAT({I,1LCC)

KMATIIILOC,J) + KMAT{ILOC,J)

SUBROUTINE DECCMP(KMAT,NN.KFD,IDET,DET)

CECOMPOSE GLCBAL STIFFNESS MATRIX KMAT, AND COMPUTE DETERMINANT.

KMAT = GLOBAL {TOTAL SYSTEM) MATRIX, WHICH MAY BE UNSYMMETRIC.
NN = TOTAL SYSTEM GOF.

KFC(I) = FORCE-DISPLACEMENT-CONSTRAINT SPECIFICATION FOR DCF [.
KFOU(TI) = 44— = SPECIFIED FORCE.DISPLACEMENT,

KFD(I1) = +-1 INDICATES INDEPENDENY DOF.

KFD{1) = +-J INDICATES DEPENCENT FREEDQOM WHDOSE ODISPLACEMENT IS

CCNSTRAINED TO EQUAL OISPLACLCMENT AT J.
ICEYLDET = SIGN,LOGARTITHM [BASE 10) CF DETERMINANT.
INTEGER: NN KFD(1),IDET
DCUBLE PRECISION KMAT(NN,NN),DET
INTEGER NM1, 114301 sdd2y1,J
DCUBLE PRECISICN C,C
IF{NN.EQ1)RETURN
NM1 = NN-1
OC 200 I1=1,NM]

IF(KFDIIT)Y.NELTE)GC TO 200

06026260
00026270
00026280
00026290
000261300
00026310
00026320
00026330
00026340
00026350

00026360

00026370
040026380
00026390

-G0026400

€0026410
00026420
00026430
00026440
00026450

00026460
00026470
000264830
00026490
00026500
Q0026510
00026520
00026530
CC026540
C0026550
00026560
00026570
60026580
00026590
600266Q0
C0026610
00026620
00026630
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50
90

150
190
200

500
1201

U = 1.00/KMATLEL,I1)

JJl = TI+1

DISTRIBUTE IITH ROW COF UPPER TRIANGULAR MATRIX
CC 90 J=JJ1sNN '

C = U*KMAT(I1,.4])

IF(C.EQ.0.D0IGO TC 90

DISTRIBUTE KMAT{11,J) TC JTH CCLUMN

DC 50 I=JJl,J

KMAT{I+J}) = KMATI(I,J) -~ C*KMAT(1,11)

CONTINUE

LISTRIBUTE LITH CCLUMN CF LOWER TRIANGULAR MATRIX
JJ2 = 1[+2

TIF{JJ2.GT.NNIGO TO 200

DC 190 J=JJZ.NN

C = D¥KMAT{J,F1)

IF(C.EQ.0.D01GO TQ 190
DISTRIBUTE KMAT(4,II) TC JTH ROW
JML = -1

DO 150 1=JJ1.,J4M1

KMAT e I) = KMAT{J,I) - CEKMAT(II,I)
CCNTINUE

CONTINUE

COMPUTE DETERMINANT

ICEY = 1

DEY = 0.0D0

DO 500 11=1,NN
IF(KFDUTIT)}WNELITIGO TO S5CO

L = KMATI(ITI,I1)

IFtD.LT.C.DO)IDET = ~-IDET
DEY = DET + OLOGLlO(DABS(O})
CCNTINUE

FORMAT(1HO, *JACOBIAN DETERNVINANT SIGN,LCGARITHM =0,15,015.7)

WRIVE(6,1201YI0ETHDET
RETURN
END

SUBROUTINE SOLVE(KMAT,NN,KFD.P,Q)

000264640
00026650
00026660
00026670
00026680
00026690
00026700
00026710
00026720
00026730
00026740
00026750
00026760
go02é6110
00026780
00026790
00026800
00026810
00026820
00026830
00026840
00026850
00026860
00026870
00026860
00026890
00026900
00026910
00626920
00026930
00026940
00026950
00026960
00026970
00026980

00026990

FCRWAREC-BACK SUBSTITUTE TO SOLVE FCR FORCES P AND DISPLACEMENTS Q.Q0027000

KMAT = DECCMPOSED SYSTEM JACOBEAN MATRIX {MAY BE UNSYMMETRI(C),.

00027010
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OO0 0

31
41

50
100

NN = TOTAL SYSTEM DOF.

KFO({I) = FORCE-DISPLACEMENT-CONSTRAINT SPECIFICATICN FOR DOF I.
KFO{I) = +,- = SPECIFIED FORCE,DISPLACEMENT,

KFCLI) = +-1 INDICATES INDEPENDENT DOF.

KFDIT) = +—J INDICATES DEPENDENT FREEDUM WHOSE DISPLACEMENT IS

CONSTRAINED TO EQUAL DISPLACEMENT AT J.

PLIY,QUI) = FORCE,DISPLACEMENT AT {GF 1.

EACH DOF HAS EITHER SPECIFIED FORCE CR DISPLACEMENT.

INPUT P = SPECIFIED FORCES AND CISPLACEMENTS, Q = GARBAGE.
CUTPUT P = SPECIFIED AND CCMPUTED FORCES, @ = SPECIFIED AND

CCMPUTED DISPLACEMENTS.
INTEGER NN,KFD{1)
CCUBLE PRECISION KMAT(NN,NN)}P(1),G(1})
INTEGER I,4Js11,10UM
CCUBLE PRECISION (

CORRELATE UEPENDENT-INDEPENDENT DUFS, ZERQ OUT @

DO 5 I=1.NN
J = TABS(KFD(1})

-IF{J.EQ.IIGO TG 5

IFIKFD{J).GT01P(J) =
PII} = 0.DC
G(I) = 0.00

FORWARD SUBSTITUTION
DO 100 I=1,NN

PEdy) + PLI)

IFIKFOUIYNELIVGO TO 31
C = {QUIY+P(I))/7KMATH T, 1)
Q1Y = ¢
6C TO 41
C =Pl
PLI) = —-Q(1)
G(1}y = ¢
IFIT.EQ.NN)GO TO 1CO
Il1 = 0+1
DC SO0 J=I1l4NN
QUJdY = QUJd) - KMAT{J,1)2C
CONTINUE
BACKWARD SUBSTITUTION
I = NN+l
CC 200 IDUM=1,.NN
I = I- 1 e -

00027020
Q0027030
GC027040
06027050
00027060
gcozre7o0
00027080
00027090
60027100
coezrllo
€g027120
00027130
GC027140
0Q0Q27115¢0
00027160
00027170
60027180
00027190
00027200
00027210
00027220
00027230
C0027240
00027250
00027260
00027270
00027280
00027290
00027300
00027310

0co027320
00027330
00027340
00027350
00027360
00027370
00027380
00027330
00027400
00027410



£L-0
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